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Summary
This th esis i s  divided into four chapters. In Chapter 1 the 
calculation o f the a c id itie s  o f a series o f substituted methyl styryl 
ketones and some miscellaneous carbon acids using a semi-empirical a l l ­
valence electron molecular orbital approach is  described. Satisfactory  
correlation is  obtained between the calculated and experimental a c id itie s  
for these mdlecules. I t  has also been shown that the order o f  rela tive  
a c id itie s  i s  determined by the fa c i l i ty  o f negative charge delocalisation  
in  their corresponding carbanions.
In Chapter 2 the base-catalysed rates o f d etr itia tio n  o f some 
substituted methyl styry l ketones are reported. The resu lts clearly  
show that by comparison with the structurally sim ilar acetophenones the 
interposing o f the v in y lic  linkage in the substituted methyl styry l 
ketones reduces the e ffe c t  o f the substituent on the hydroxide-catalysed 
rates o f d etr itia tion .
In Chapter 3 an account o f the synthesis o f  some substituted
benzoylacetones i s  given. In addition the thermodynamic and k in etic
a c id ities  for these {3 -dike to n e s  have been measured. The primary k in etic  
H Disotope ratio  k /k values for benzoylacetones are approximately h a lf  
H Tthe k /k values and the Swain-Schaad ratio  i s  close to the expected 
value o f 1.44. The magnitude o f  the solvent k in etic  isotope e ffe c t  in  
the case o f anion cata lysis i s  very small (1.22-1.09) and for water 
cata lysis the value is  appreciably higher (1 .68). In view o f the 
rela tive ly  high primary k in etic  isotope e ffec ts  and values near 0.5  
obtained for the Brbnsted $ parameter a symmetrical transition  sta te  i s  
postulated for these [3-diketones.
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In Chapter 4 the rates o f d etr itia tion  o f (a-3 H) -p-dimethylamino- 
acetophenone in methanolic and ethanolic solutions o f potassium, sodium 
and lithium alkoxides at 25° C are reported. In a l l  the cases considered 
the alkoxide ion pairs are more reactive than the corresponding free  
ions. The reactiv ity  o f ion pairs follows the order SoR > SaOR > LiOR .
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General Introduction
Carbon acids are organic substances, which when treated with a 
suitable base, donate a proton to that base by fiss io n  o f a carbon- 
hydrogen bond. Such conpounds play an important role in  modern organic 
chemistry since many reactions of synthetic use involve the formation o f  
carbanionic intermediates, eg. base-catalysed condensations, alkylations 
and rearrangement reactions, as well as some o f the reactions o f organo- 
m etallic compounds. Consequently the ionisation  o f carbon acids i s  a 
subject o f considerable in terest. In addition proton transfer reactions, 
due to their  inherent sim plicity , form an eminently suitable starting  
point for any attempt to achieve a better understanding o f the factors 
that govern the rates o f chemical reactions in so lu tion s.
The ionisation o f carbon acids can be treated from both a 
thermodynamic and k in etic  aspect. The thermodynamic acid ity  deals with 
the positions o f equilibrium between an acid and i t s  conjugate base, 
whereas k inetic  acid ity  pertains to the rate a t which an acid  donates a 
proton to a base.
Proton transfer between electronegative atoms such as nitrogen, 
oxygen, sulphur and halogen, occurs so rapidly in  solution that k in etic  
investigations can only be undertaken in  special cases by specia l methods. 
Thus, the concept o f  k in etic  acid ity  has been applied most frequently to  
carbon acids, since the rates at which they donate a proton to a base can 
frequently be measured.
The strengths of carbon acids vary widely from those which can
surpass mineral acids in strengths, eg. tetracyanopropane (pK < -8) i sa
a stronger acid than perchloric acid, to compounds such as toluene
(pK > 40) which are very feebly acid ic . In between these two extremesa.
l i e  those carbon acids which although not capable o f undergoing solvent- 
catalysed or Spontaneous’ ionisation  do nevertheless undergo ionisation  
in  the presence o f a strong base such as aqueous hydroxide ion s. 
Acetophenones and methyl styry l ketones fa ll  into th is category. 
3-Diketones on the other hand are su ffic ien tly  acid ic as to undergo 
1 spontaneous ’ ion isa tion .
The e ffe c t  o f structural changes on the acid ity  of carbon acids has 
been su ccessfu lly  correlated by means o f two approaches: (a) molecular
orbital c a lc u la t io n s® , and (b) linear free energy r e la t io n sh ip s® .
For carbon acids which form planar or nearly planar carbanions- on 
ionisation  the thermodynamic a c id itie s  can be correlated with the 7r-bond 
energy as calculated by Huckel molecular orbita l theory. However, despite  
the occasional success o f  the ir-electron approximation, a more rigorous 
method o f determining free energy differences i s  required in which both 
a- and 7r-electrons are treated e x p l ic i t ly ® .
Many carbon acids do not lend themselves to investigation  by the 
Huckel molecular orbital method and alternative methods must be 
investigated. One o f these i s  the all-valence-electron  Linear Combination 
o f Atomic O rbital-Self Consistent Field-Molecular Orbital method. This 
takes e x p lic it  account o f the a electrons. The a c id it ie s  o f  some 
substituted methyl styryl ketones and seme miscellaneous carbon acids 
reported in Chapter 1 have, for example, been calculated by means o f  such 
a method. The molecules chosen cover a wide range o f a c id it ie s  
amounting to approximately 40 pK u n its.
_  9 -
The two most widely used free energy relationships are those 
associated with the names o f Hammett and Bronsted. The former has been 
found to be particularly useful in correlating the rates o f reactions of 
side-chain derivatives o f meta- and para- substituted benzenes ^ , 
although inevitably the range o f reactiv ity  covered is  somewhat lim ited.
The Bronsted relationship on the other hand extends over a much 
wider range o f rea c tiv ity . Deviations from such a relationship , arising  
from structural considerations both in the substrate and the attacking  
base are currently the subject o f much in terest. I t  has been applied to
(2 ja variety o f reactions involving general acid and general base c a ta ly s isv J
r$)
as w ell as nucleophilic c a ta ly s isv . The ionisation o f oxygen, nitrogen
m  .
and sulphur acids J have been investigated and amongst the various
carbon acids, cyanocarbons^, su lfo n e s ^ ^ , hydrocarbons^^ and 
Q2-)ketonesv J have been the subject o f study.
Hie k in etic  a c id itie s  o f  carbon acids are often measured by 
following the rates o f halogenation. The method i s  particu larly useful 
for those carbon acids containing only one ionisable C-H bond. However, 
d iff ic u lt ie s  may arise when dealing with carbon acids containing more 
than one ionisable C-H bond. Attempts to use th is method to study the 
rates o f ion isation  o f 3-diketones (two ionisable C-H bonds) for example, 
have been unsuccessful. This has prompted the search for a lternative  
methods and the approach o f Kirby and Meyer, where the rates o f  
ionisation o f 3-diketones are measured by following th e ir  corresponding 
rates o f en olisation , seems to  o ffer  considerable scope.
The measurement o f primary k in etic  isotope e ffec ts  provides a
powerful tool for probing the structure o f  the transition sta te , ihere
( 2  5)i s  a good deal o f evidence 9 , both theoretical and experimental to
H d H Tshow that k /k (or k /k  ) varies with the symmetry o f the transition  
sta te , with reactant-like and product-like transition sta tes having low 
isotope e ffec ts  and a symmetrical transition  sta te  giving a maximum 
value. Ihe resu lts therefore o f k in etic  isotope e ffe c t  studies as w ell 
as solvent isotope e ffe c t  investigations, taken in conjunction with the 
Bronsted 3 values should enable one to build up a more comprehensive 
picture o f the various transition  sta tes that can be involved in the 
ionisation o f  d ifferent types o f carbon acids.
F inally , despite the wide-spread use o f non-aqueous protic  solvents 
lik e  the alcohols in  synthetic as w ell as mechanistic stu d ies, re la tiv e ly  
few k in etic  investigations have been reported in these solvents.
Because o f their re la tiv e ly  low d ie le c tr ic  constants, ion association  
e ffec ts  can be important. Too frequently in  the past th is  aspect has 
been neglected, consequently the resu lts available in the literatu re  
have not always been correctly interpreted.
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CHAPTER 1
MOLECULAR ORBITAL CALCULATIONS OF THE ACIDITIES 
OF SOME CARBON ACIDS
1.1 Introduction
1.2 Theory
1.3 Results and Discussion 
References
1.1 Introduction
Calculations o f  the a c id itie s  o f organic compounds have taken an
added importance in  view o f the recent advent o f ion cyclotron resonance
fl') ( 2  3)spectroscopy'*/ and other techniques'- * J which have made possible
measurements o f gas phase a c id it ie s .
Prior to these developments considerable work had been carried out
( a 5V
on the a c id ities  and b a s ic it ie s  o f simple organic molecules^- * J . Now
one can see instances in  which the gas phase results^ J are found to be
markedly d ifferent from those previously established in  solution . For
example, aniline i s  w ell known to be a weaker base than ammonia in
aqueous solutions This weak b asic ity  o f an iline i s  generally
rationalised  in  terms o f loss o f resonance s ta b ilisa tio n  on protonation
and destab ilisation  o f the anilinium ion due to the electron-withdrawing
inductive e ffe c t  o f the phenyl group. However, th is lin e  of reasoning is
incorrect since, in  the gas phase, aniline i s  found to be more basic  
(2)than ammonia1- J . The fact that such misinterpretations o f data in  
solution can occur therefore leads to misconceptions regarding fundamental 
electronic e ffe c ts . This has therefore made the determination o f  gas 
phase a c id itie s  and b a s ic it ie s  v ita lly  important.
In the absence o f the complicating e ffe c ts  o f the solvent i t  i s  now
possible to te s t  the effectiveness o f the various theories that enable
a c id itie s  to be calculated. As far as carbon acids are concerned the
f ir s t  c a lc u la t io n s^  were made using the Huckel Molecular Orbital (HMO)
method. The pK ’s covered a small range and referred to a solvent a
system o f low d ie lectr ic  in  which ion association was important. By
extending the range o f a c id it ie s , with water as the standard sta te ,
f7)Bowden and co-workers^ were able to discuss their resu lts in  terms o f
those acids that (a) form planar or nearly planar carbanions and which 
give a good correlation (experimental pK against ir-bond energy differences3.
of the acid and i t s  anion), (b) form non-pianar carbanions and which
often deviate quite markedly from the relationship , and (c) possess one
or more heteroatoms and which give .r ise to s t i l l  more pronounced
deviations. The present study draws attention to the fact that many
carbon acids do not lend themselves to investigation by the Huckel
molecular orbital method and also to the need for a more rigorous method
of determining free energy d ifferences. This can be achieved by
employing one of the widely available a l l  valence electron Linear
Combination o f Atomic O rbital-Self Consistent Field-Molecular Orbital
(LCAO-SCF-MO) methods, since these take e x p lic it  account o f the o  electrons.
In the present work, the Complete Neglect o f D ifferentia l Overlap/2
(CNDO/2) and the Intermediate Neglect o f  D ifferentia l Overlap (INDO) a l l
valence electron methods have been applied to the calculation o f the
a c id itie s  o f a series o f substituted methyl styryl ketones and some
miscellaneous carbon acids varying in  acid ity  from dinitrocyanomethane
(pK = -6.22) to methane (pK > 40). a ■ **
1.2 Theory
The basic concept of the molecular orbital method i s  to find  
approximate electronic wave functions for a molecule by assigning to  
each electron an electron wave function which in  general extends over 
the whole molecule. Such electron wave functions are dependent upon the 
space coordinates o f that electron only and each is  known as a Molecular 
Orbital (MO). The to ta l N-electron wave function is  b u ilt  up as a 
product o f such molecular orb ita ls . However according to the Pauli 
exclusion principle each molecular orb ita l i s  occupied by not more than 
two electrons. A lternatively each electron can be assigned a wave 
function which in addition to space coordinates also contains the spin  
coordinates o f that electron; th is i s  called  a Molecular Spin Orbital 
(MSO). To sa t is fy  the Pauli princip le, the to ta l N-electron wave function  
should be constructed from a normalised antisymmetrised product o f these  
molecular spin orb ita ls .
For a c losed -shell molecule with N electrons the electronic ground 
state  wave function i s  expressed as a normalised sin g le  Slater  
determinant of doubly occupied molecular orbita ls (M3Ts) iJk
V  = (N!) 2
^ ( 1 ) ^  (1) V 2 a % 2 (1)
%/2^2^N/2^2^
^N/2 N^^ N /2 ^
(1. 1)
Most o f the available semi-empirical all-valence-electron  molecular 
orbital methods have been based upon the LCAO-SCF-MO formalism in which 
the molecular orbita ls iJk are expressed as a linear combination o f  
atomic orbita ls (<J> 's) according to
m
if;- = YC -d> (1. 2)
The coeffic ien ts C are a measure o f  the importance o f  each atomic 
orbital in  the respective molecular orbital and are determined by a 
variational procedure so as to minimize the expression
E = -J
if;*Hif; dr o ro
W o dT
(1,3)
E is  the electronic energy associated with N electron Hamiltonian H 
of the given molecule which is  defined in  the Born-Oppenheimer 
approximation as
or
N
H = I
k
± 2
2m B rkBJ
,1
k>& rkJ£
e 2U
N
H = 1 H 
k
core (k) + e z l  I
k>S, kJ,
(1.4)
rnTPH (k) i s  the one-electron Hamiltonian corresponding to the motion o f
-fv—11an electron (k) in the f ie ld  o f  bare n u cle i, —  v£ and - e 2£ —  are
2m K B KB
respectively  the k inetic energy and the potentia l energy operators
thfor the k electron.
kit
represents the mutual repulsion operator
between any two electrons k and I  .
The variation theorem requires, for each molecular orbital ijn ,
Cy i  
(8) . .
that the c o e ffic ien ts , C  ^ , sa t is fy  the following se t  o f
simultaneous equations
Y(F -  e.S  JC . = 0 for y = 1 , 2 ........... m (1.5)yv l  yv' v i
w h ere  s yv ^t^dr i s  the overlap integral between the atomic
orbitals y and v and F are the matrix elements o f the Fock
(8)Hamiltonian over atomic orbita ls y and v . Roothaan^ J has shown that 
for a closed sh e ll system, F is  given by
Fuv = ^  + -  ICuXlva)]' U -6)
where
4>u(l)Hcore(l)4.v (l)dTx (1.7)
and
(yv|Aa) = * (l)4>v ( l ) ^ x (2)((.a (2)dT1dt2 ' (1 .8)
12
are the elements o f the bond order-charge density matrix defined as 
occ.
PXa 2 I  CXiCa i ■
The se t  o f linear homogeneous equations (1.5) has a non tr iv ia l  
solution  i f  the secular determinant vanishes in such a way that
IF -  e-S I = 0 (1.10)1 yv l  yv1 v
The energies e^ o f the LCAO-SCF-MO* s can now be evaluated and the
solutions may be used to determine the co effic ien ts  C . . '3 y i
-  -
F inally, the to ta l electronic energy of the molecule i s  given by
(Hcore + F ) (1.11)
yv yv UV' \  1
The rigorous solution o f the Roothaan equations (1.5) and (1.6) for 
medium sized  molecules requires the evaluation o f a formidable number o f  
d if f ic u lt  multicentre integrals (yv|Aa) which arise even with the use 
of a minimal basis se t . Hence the development o f more approximate 
* molecular orbital methods, which can be readily applied to large molecules 
of chemical in terest, i s  highly desirable.
Before discussing the LCA0-SCF-M3 methods employed during th is  work, 
a b r ie f outline o f simple Huckel tt-MO theory and i t s  lim itations i s  
presented for comparison.
f91The Huckel V tt-MD method is  based on the LCAO-MO formalism where 
only ir-electrons are considered e x p lic it ly . The m-molecular orb ita ls  are 
expressed as a linear combination o f atomic orb ita ls ^
A
1|). = Yc .<!> (1.12)ri  L yiqj . Jy
To be satisfactory  wave functions, the molecular orbitals must be 
normalized eigen functions of a Hamiltonian operator H such that
Hi|). = ei ^i  (1.13)
One o f the essen tia l features of simple Huckel theory is  the neglect 
of electronic repulsions between electrons and the electronic Hamiltonian 
is  thus approximated as a sum o f one electron operators by
n
. it . ,
H = J  llcore(k) (1.14)
k
Upon application o f the variation procedure, the secular equations 
(1.15) are obtained
nTT
YC .(H - e.S  ) = 0 for y = 1 , 2 . ___ n (1.15)^ v i v yv l  yv7 ’ tt
H represents the Coulomb (y = v) and the resonance (y t  v)
integrals defined as
Huv a - w )
In Huckel theory -S is  neglected for y f  v and therefore
S = 6 = 0  y ^ vyv yv
= 1 y = v } (1.17)
In Huckel tt-MD theory the Coulomb and the resonance B integrals 
are treated as empirical parameters whose values can be determined by 
f i t t in g  theory to  experiment. However, the optimum values o f the 
parameters depend on the nature o f the experimental data that i s  under 
consideration.
Huckel Molecular Orbital (HMD) theory i s  more successful for non­
polar molecules such as unsaturated hydrocarbons than for molecules with 
re la tive ly  polar bonds. I t  i s  more successful for Alternant Hydrocarbons 
(A.H.) which, in their ground sta te s , have a uniform distribution o f  
■jr-electronic charge over the carbon atoms, than for non-Altemant 
Hydrocarbons (non-A.H.) which have a non-uniform distribution o f  
■jr-electronic diarge.
Some time ago , i t  was suggested that the increase in 7r-bond 
conjugation which resu lts on forming the carbanion (A ) from the carbon 
acid (HA) should be an important factor in  determining the acid ity  o f  
the carbon acid. The simple Huckel molecular orbital approach has been 
used to calculate the m-bond energy o f the acid in terms o f Coulomb (a) 
and the resonance (3) integrals according to
E ^  = n a + M3 (1.18)
TT TT
where n i s  the number o f m-electrons and M i s  a dimens ion less7T
number obtained from the Huckel molecular orb ita l calculations.
Similarly for the anion
]A = (n  ^+ 2)a + M"g ' (1.19)
The change in  m-bond energy, AE^  , on forming the anion i s  therefore  
given by equation (1.20)
AE^  = 2a + AM3 (1.20)
and rela tes d irectly  to the value o f AM . Electron repulsion and 
ste r ic  interactions are usually neglected in the Huckel molecular 
orbital method and a l l  carbon-carbon double bonds are assumed to have the 
same bond length, a Bond energies are assumed to be constants for a 
series o f  c losely  related carbon acids.
- I
The equilibrium constant, K , for the ionisation  o f  the carbona
acid, HA, is  related to the free-energy change by equation (1.21)
T T
In practice the la s t  two terms tend to cancel out so that
-  RT loge Ka = AHq (1.22)
Consequently, a linear relationship between pK and AM would be 
expected with higher a c id itie s  being associated with the higher AM 
values. The method has been sa tis fa c to r ily  employed^ to account for 
a c id itie s  o f some hydrocarbons which form planar or nearly planar . 
carbanions. However, in cases where the carbanion is  known to e x is t  as 
an ion-pair or a non-planar en tity  marked deviations are observed^’ ^ .
Despite the occasional success o f the ir-electron approximation, a
more rigorous method o f determining free energy differences i s  required
in which both a- and n -  electrons are treated e x p lic it ly . Pople, 
r mSantry and Segalv J have applied the Zero D ifferentia l Overlap (ZDO) 
approximation to the LCA0-SCF-M3 calculations including a l l  valence 
electrons and considered i t s  e ffe c ts  on the invariance properties of  
the wave function.
It i s  possible to make ZDO type approximations which preserve the 
invariance o f the wave function to orthogonal transformation among 
orbitals centred on the same atom. The sim plest way is  that o f the 
CNDO/2 method in which a l l  d ifferen tia l overlaps o f the form ^ ( 1 ) ^ ( 1 )  
are assumed to be zero, even when the two overlapping orb ita ls are 
centred on the same atom. Furthermore, the two-centre integrals are 
assumed to depend only on the nature o f the atoms A and B to which 
and <J>^ belong and not on the actual type o f orb ita l. Thus
( ] i v  | A ct) =  ( w | A A ) S ^ v 6 X a  ( 1 . 2 3 )
and
** a l l  y on atom A 
(yy|AA) = Yat, « (1-24)
t  a l l  X on atom B
is  then an average e lec tro sta tic  repulsion between any electron in  
a valence atomic orbital on atom A and another in a valence orbital on 
atom B . In the CNDO/2 method^*^ i t  i s  calculated theoretica lly  as the 
two-centre Coulomb integral involving valence s functions. Furthermore 
a related series o f approximations are also invoked for the core matrix 
elements H^°re (equation (1 .7 )) .
The diagonal matrix elements H are conveniently separated into
one- and two-centre contributions and can be written a s:-
Tcore / r i i ' rHuu = (yh i i r v2 -  | VBI^
= y2 ■ _ i  c p |v b | i o
m  A BtfA)
(1.25)
= Uuu " E VAB ww BCM)
The one-centre term U  ^ i s  e ssen tia lly  an atomic quantity measuring
the energy o f the atomic orbital <j>^ in  the bare f ie ld  o f  the core o f
n 3v
i t s  own atom. In the CNDO/2 method i t  i s  approximated fronr J
-  i ( I  + A )  = U + (Z. -  i )yaa (1.26)2 v y yy \  A ZJ *AA
where 1^  and A^  are respectively the ion isation  potential and the
electron a ff in ity  o f an electron in on atom A . The values o f the
so-called  orbital e lectron egativ ities \ { 1  + A ) are determined fromy y
appropriate spectroscopic data, whereas the two-centre electron-core
(131potential integrals are approximated fronr J
AB zbyab (1.27)
potp1The off-diagonal matrix elements H (y r  v) are taken to be 
proportional to the overlap integral as
H'coreyv eABSyv d) on A , d> on B y 9 Yv (1.28)
where
(1.29)
Hie bonding parameters fS? are empirically se lected ^ -*  by comparing the 
CNDO/2 resu lts to a se t  o f accurate LCAO-SCF-MO calculations for a group 
of small molecules for such properties as geometry, orb ita l energy and 
population analysis.
Within these approximations (equations (1.23) to (1.29)) the basic  
equations (1.6) for the Fock matrix in the CNDO/2 method can now be
written as (13)
uu AA k J 2 yy (AA
(B/A) (I>BB ‘  Zb)YaB
yv
D° C _ l p  v
AB yv 2 yv AB (4>u on A , (J>v on B)
(1.30)
where is  the to ta l charge density on atom A
Paa I P,n.
y(on A)
(1,31)
-  -
('14')
Dixon was the f ir s t  to modify the CNDO method by retaining a l l  
one-centre exchange integrals lik e  (yv|yv) . Pople, Beveridge and 
Dobosh^^ made a sim ilar modification known as the "Intermediate Neglect 
of D ifferential Overlap" (INDO) method.
In the INDO method the elements o f the Fock matrix have the 
following form
and
F = U + 7  P,J(yy|XX) - KyXlyX)] 
w  w  X(on A)
I A^A ” A^^AB
B ( # V )
Fyv = ’ ^ y  and <f>v both on A) (1.32)
F = 3AT5S -  y AT5 , (cf) on A and <f> on B) yv AB yv 2 yv'AB ’ VYy Yv J
(151Pople and co-workers^ J have expressed the one-centre electron  
repulsion integrals in  terms o f the so -ca lled  Slater-Condon parameters 
(F11 , d 1) according to
(16)
(s s |s s )  = (ss|xx) = F° = ym  
(sx |sx) = I Gl
(xy|xy) = 2 5  F2
(xx|xx) = F° + —  F2
(xx|yy) = F° -  ^  F2
(1.33)
(1.34)
(1.35)
(1.36)
(1.37)
Similar expressions are used for (ssjzz) , e tc . Except for the integral 
F° (ym ) evaluated theoretica lly  using Slater orbitals as in  the CNDO/2 
method, semi-empirical values are used for G1  and F2  chosen to give 
the best f i t  with atomic spectra. Within the INDO framework, the 
following relationships are deduced between the orbital e lectron egativ ities
1 (I + A ) and the core integrals U
2  ■ y y' yy
Hydrogen:
-  !  (Is + V  = Uss + 2 ^  (1.38)
Lithium:
- 1 < V + V  = Vs s + \ ^  (1.39)
■ 5  W  = \ »  + l ^ - n Gl (1.40)
Beryllium:
- 1  a s , * V  = uss + f
-1  (IP + V  = upp + 1 1=0" 5 Gl (1-42:)
Boron to Fluorine:
-  2 + V  = USS + . CZA -  5 CZA -
- \ d p + Ap ) = Upp + (ZA -  1 )F °  -  |  G* -  £  (ZA -  | ) F 2
(1.44)
However, other features o f the CNDO/2 method are retained.
Parameter values for -  \  (I + A ) , 3? , G1  and F2  are available2 y y A 9
e l s e w h e r e a n d  w ill  not be given here.
The to ta l energy ° f  a given molecule i s  the sum o f the
e&electronic energy E given by equation ( 1 . 1 1 ) and the e lec tro sta tic  
intem uclear repulsion energy EnucF . The to ta l energy E^   ^ i s  
given by equation (1.45) in  atomic units (a*u.).
E „ = Ee* -  Enucl to t
= 3 I  P„JH“ re + F J  * 1 1 \ h
(1.45)
2 ^  UV" Wv iw' £<B
Within the ZDO approximation the to ta l energy expression (1.45) i s  more 
conveniently partitioned into mono-atomic and di-atomic contributions as
Et 0 t  = Iea  + I  Ieab (1-46)A A<B
where
EA ' ■ ,fL 41PWUW + 2„J av,,L a /PWPW " 2y(on A) ^  y(on A)v(on A)
(1.47)
and
eab E I  & Pu v BABS u v -  \  O a b E  p(on A)v(on B) uv m  z  wv
+ z^aZBRAB ” PAAVAB “ PBBVBA + PAAPBBYAB^  (1.48)
Despite the widespread in terest in the application o f the a l l -  
valence-electron LCAO-SCF-MD methods to account for many aspects o f  
molecular electronic structure and diverse molecular properties, r e la tiv e ly  
few applications have been reported in  the area o f carbanion chemistry. 
Lewis  ^ J , using the CNDO/2 method, calculated the a c id itie s  o f several 
alkanes and saturated alcohols as w ell as the b a s ic it ie s  o f various
methylamines. Tne order o f acid ity  found for the alkanes was opposite 
to that found from experiment, in  contrast to the findings for the
Q  O')
alcohols and amines. J e sa it is  and S treitw ieser 1  ; , also using the 
CNDO/2 method, found that the a c id itie s  o f a series o f cycloalkanes 
(cyclohexane > cyclopentane > cyclobutane > cyclopropane) were in the 
reverse order to that found for the rates o f d etr itia tion  in  
cyclohexylamine.
1.3 Results and Discussion
In the present work both the CNDO/2 and the INDO molecular orbital
calculations were performed on the CDC 7600 computer o f the University o f
fl9!London Computer Centre using a modified version o f the CNINDO program ^  .
. . n  3  i s -)
The original Pople e t  a l parameters^ 9 J were employed throughout.
The molecular geometries were taken from available d iffraction  d a ta ^ ^
or otherwise estimated using standard bond lengths and bond angles
The bond lengths and the bond angles enployed for methyl styryl ketones
are presented in Figure 1 .1 .
Figure 1.1
Bond angles and bond lengths o f methyl styry l ketones
Bond lengths and 
bond angles
a = 1 .7 0  A
\ x o
ab = 118
>20
*L ab = 1 2 1 °
^  be = 109.47
>o
Energy changes (AE) associated with the formation o f a carbanion,
for the carbon acid and i t s  anion respectively . The calculated values o f  
pu as w ell as the differences AE for a ser ies o f methyl styryl 
ketones as determined both by the CNDO/2 and the INDO methods are given 
in  Table 1 .1 . Also l is te d  are the resu lts obtained using the INDO 
method for some miscellaneous carbon acids.
PH
The resu lts show that the values o f are consistently  between
3-6 a.u . lower in the CNDO/2 calcu lations. However, in view o f  the
semi-empirical nature o f  these SCF-M3 procedures only re la tive  values are
o f physical sign ificance. The values obtained for AE from both methods
are in fa ir  agreement (arising from compensating e ffe c ts  in  the
carbanions) and vary with acid ity  in  the same manner. The trend becomes
more pronounced when the compounds cover a wider range o f  a c id it ie s  -
th is has been achieved by changing the number and kind o f  activating
groups, although compounds containing nitro groups alone can be made to
cover a pK range from 0 .0  to 10.2. a
Ihe p lo t o f energy difference (AE) obtained by the INDO method
against the corresponding pK values (Figure 1.2) shows a good generala
relationship extending over more than 30 pK u n its . The p lotteda
a c id itie s  a l l  refer to water as the standard sta te  although id ea lly  they 
should refer to the gaseous s ta te . This means that the form o f the 
relationship may be dependent on the solvent in which the pKaTs are
,+
(1.49)
are simply given by
(1.50)
PH Rwhere 'E^^. and E t  are the to ta l energies given by equation (1.46)
CM
0
3
9
cd
OO to to 00 CM vO LO vO
cn LO LO LO to OO O vO
+-> Cn to CM LO 00 O
o LO LO r—( rH to oo LO
4-> . • • 1 1 * • • • •
4 to cn o cn cn OO vO LO
cn • rH r—1 to to t"- CM LO1 rH1
r—1 
1
r—1 
1 rH1
1 1 1
W<3
cd
CM
S
W
+■>
o4->
a-
cd
P h
'Td
•H
■Si
g
• f i
<3
00 cn cn LO cn cn to o
CM to vO to oo cn to vOvO vO LO t>» cn CM
cn cn cn cn cn cn cn cn• • i i • • • • •
o O O O O O O O
vO vO LO oo rH LOCM to LO vO vO to 00*3* to to to to CM
cn cn cn cn cn cn cn• • • • • •
O O O O o O O
vO to o vO to cn cn
LO o CM rH vO cn vO
OO CM rH rH vO cn O
oo o to to vO vO• • • • • • •
VO H - CM CM
cn CM rH rH rH ■M"
i rH
1
rH
1
rH
1
rH
1
rH
1
rH
1
CM
CM
CM
CM
CM
CM
CM
CM
CM
CM
CO
CM
'3'
CM
M"
CM
O ,n  ■ JO U U /— \V__/ \__/ V__/ Vw/ '__/ O
LO cn CM LO LO LO V—>
VO O to vO LO CM CM• » • • - 1 1 • •
rH CM rH rH O rH \ o
CM CM CM CM CM CM rH
0I
r S
fc?
i f
t/>
t :§ <=^ o?o ■ CJ1
pH
l
PH k
» • •
CM to
iPH
LO
<M
s
fe
vO
04sI
P h
5
8
U
oo
04
S '
5 5
cn
TA
BL
E 
1.
1 
(c
on
td
.)
cn 'd- r—l oo to *d- to cn
LO LO vO CSJ to to rH tH CM
VO cn LO r—1 »d- CM O0 *d- cn
OO t" . OO cn 0 0 O O cn• • • ’ • • • • • •
O O O O O O tH rH O
oo vO cn *d* 00 LO cn LO to
vO cn to ■'d- to vO cnto LO t"* ■"d" 00 VO s rHrH f'* LO vO CM rH oo O• • • • • • • • •
rH vO cn cn LO OO cn 00o "d" O cn -d" rH i iH LO
rH
1
tH
1
rH
1
i rH
1
rH
I
1 1
f--\ /—> /—\ /—\ f—\m LO LO vO LO to . I ^CNI Cn3 CM CM CM CM 1 1 CM'w' v_/ ' J v_/ \_/ v_/ v_J
r—\ /—i /—\/•—> U t—\ o u o r~\O O —^/ v_/—^/ oo r—1 CM V_/
vO rH to 00 C'- CM cn• • • • • 1 i •
to o LO vO to vO O
cm
s
CM
o
2
CM
§
5
CO
5 5
CM
8CM
COu
CMs
5 5
■ asCO
u
CMs
asCMCJ
5
tn
33CO
CJ
+->
O
0•Mcd
C
•H1
•H
bo
0
cd
to
0
•H
bo
0
0CM33
6
1
£-t
0+->
J*
to
•H
04->
cd4->
to
tJ
+->
to
0
o
rHO
&
to
•H
0+->
cd
+->
to
r0
■3 -S.
to
w
0 0
to LO vO oo cn cd o 'xi
CM
a
T3
0
P
•H
P
W)
■sto
. 5
s
■acd
g s '■S-6cd cd0  u
13 P 
•H
0  <D
5 5  
° g
CO
0  CO
•H
P
•rH
CO
£
0T3
rH 
0  >sOO P 
P  > s  
Cd P  
. £  CO
I #
CM
a
cd
p
H
O Z  a 4 i—i
i
•oa*
o'<
a
z
cd iO CM
~a
. 0  z
rH I—I 
P  
O  
0 
rH
&r~NV—'
'—'  CJ \
c r  o
•H
g
■8
d
00
cn
CM
•
O
I
cn
a
0
1
o *3"
un rH cn
CM CM rH
"3-
• • ■ ' •
O o o
H" to LO O LO to
o tH OO oo vOt". t^. vD vO vO vO vOto to to to to to to
•  ' • • • • . • •
o O O O O O O
rH H - t o CM LO
t o H " o o LO CM
LO LO *3\ H - ,!d ‘
H - *'3’ H"
• • I i • • •
O o O o O
H" CM cn LO oo vOto H- cn o O oo vOH- H- to H" ,;3- to toH" rj- H" -3-• • • • m • •
o o o o O O O
to LO to LO rH
to to to to to
CM CM CM CM CM
O o o o O• 1 1 • • •
o o o o o
b-* oo VO LO to to
CM CM CM CM CM CM CMC"- t>* t"- C--
O O o o o O o• • • • •
o o O O O o o
0
1Ph
CM
Cs?u
I
Pu
to
d 5■
N
pz
C*1
0  z11
Ph k 1pH
• • • ' • -tn VO
Ph
V
II
3
rd
I
m
&
•Hin
iTJ
0
bO
P
cd
P
S
I
in
•H
cd
AE 
(a
.u
.)
-  34  -
Figure 1.2
Plot o f carbon acid pKa ’s against the energy 
difference, AE, calculated by the INDO method
0-9
0-8
3020
pK 
*  a
determined. However, the medium dependence o f the pK !s o f carbon 
('25')acids  ^ , with the possible exception o f  compounds such as nitromethane
(pK (DMSO) - pK (H2 0) ~ 7) is  such that the relationship established here
3 . 3 .
is  unlikely to be m aterially affected  by solvent changes. At higher
a c id itie s  (pK > 20) the slope o f the AE-pK p lo t fa l ls  s ig n ifica n tly  * ■ a a
particularly for molecules lik e  toluene. Under these circumstances the 
strain  on the theory to produce the predicted order o f a c id it ie s  i s  much 
more stringent and i t  is  s ign ifican t that i t  i s  for acids in th is pKa
range (alkanes and cycloalkanes) that such d if f ic u lt ie s  have been 
experienced ( ^ .
In order to determine the electronic features which may have given 
r ise  to the order o f sta b ilisa tio n  o f carbanions noted in  Table 1 .1 , the 
calculated to ta l charge d ensities on the a-carbon atom in substituted  
methyl styryl ketones and their carbanions as w ell as the change in  the 
charge density upon the formation o f carbanion are l is te d  in  Table 1 .2 .
I t  i s  evident from th is  table that variation in  i s  in sign ifican t  
probably due to the re la tiv e ly  small negative charge on the a-carbon 
atom coupled with the large separation between the a-carbon and the 
substituent. Under these circumstances, the transmission o f  substituent 
e ffec ts  by inductive as w ell as mesomeric mechanisms w ill  be 
considerably reduced.
On the other hand, both q - (anion) and Aq show marked variation  
and correlate w ell with the AE's in Table 1.1 and quite evidently the 
trend in the AE’s i s  determined by the fa c i l ity  o f negative charge 
delocalisation  in these carbanions.
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CHAPTER 2
THE HYDROXIDE-CATALYSED DETRITIATION OF 
METHYL STYRYL KETONES
2.1 Introduction
2.2 Experimental
2.3 Results
2.4 Discussion . 
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2.1 Introduction
Carbon acids are organic compounds which in the presence o f a base 
undergo ionisation by cleavage o f  a carbon-hydrogen bond to give 
carbanions:-
— " C —H + B" ? = *  — ;C" + HB 
/  ^
carbon carbanion
acid
Such compounds play an important role in modem organic chemistry 
as many reactions o f synthetic use involve the formation o f  carbanionic 
intermediates, eg. base-catalysed condensation, alkylations and 
rearrangement reactions as well as some o f the reactions o f  
organometallic conpounds.
The strengths of carbon acids are customarily expressed in terms o f
the thermodynamic acid ity  constant (K , -  logio K = pK ) -  see Chaptera a a
1. Depending on the type and number o f activating groups adjacent to
(Ti­the ionisable carbon-hydrogen bond the pK 's can vary widely eg. froma
cyano-activated carbon acids which in some cases can surpass mineral 
acids in  acid strength - tetracyanopropene (pK < - 8 ) i s  a stronger acid
SL
f21 f3lthan perchloric acid^ - to conpounds such as toluene (pK ~ 41) va
which are so feebly acid ic that considerable ingenuity i s  necessary in  
devising suitable methods o f measuring their  a c id it ie s .
An alternative method o f measuring the a c id itie s  o f carbon acids i s
through their ’k in etic  a c id it ie s ’ ie .  through the rates o f ion isation ,
( 4  s')
keeping the base constant. The most extensive datav ’ J refers to water 
as the base. One would expect the ’k in etic  a c id itie s ' to be related  to 
the thermodynamic a c id ities  -  the stronger the acid the faster  the rate
o f ion isation  and in general th is i s  found to be true although the 
degree o f  correlation i s  a t i t s  best when structurally sim ilar conpounds 
are compared. Indeed in  a comparison between nitromethane and 
benzoylacetone the relationship breaks down - the former ion ises in  
water about 1 0 s slower than the la tte r  although both conpounds are o f  
sim ilar acid strengths.
The f i r s t  example o f a ra te-acid ity  relationship -  now known as a 
linear free energy relationship -  stems from the work o f Bronsted and 
P edersen^  on the base-catalysed decomposition o f nitramide. In th is  
case the base strength o f the cata lyst (Kg) was changed and the resu lts
found to obey equation 2 . 1  or, in  the logarithmic form equation 2 . 2 :-
k = GK*? (2.1)
log  k = log G + 6 log Kg (2.2)
G and 3  are constant for a ser ies o f catalysts o f sim ilar structure
and depend also on the solvent and the temperature as w ell as being a
function o f the reaction i t s e l f . This la tter  aspect has been the subject
f71of much recent work  ^ J,  the hope being that, lik e  primary k in etic  
hydrogen isotope e ffec ts  and solvent isotope e ffe c ts , the 3  values can 
be used to provide information on transition sta te  structure.
I f  in  the ionisation o f a carbon acid, the base is  changed from B 
to B , the differences in the reaction ve loc ity  can be expressed by 
equation 2 .3 :-
log k -  log k* = 3 (log Kg - log K*) (2.3)
which is  equivalent to
AG  ^ -  AG^* = B (AG° -  AG0*) (2.4)
or
„ AG^  -  AG^ * (2.5)
P . n* >
AG - AG
the ratio  o£ substituent e ffe c ts  on the free energy of activation
( 6 AG^ ) to substituent e ffe c ts  on the overall free energy change ( 6 AG°).
3  values can also be generated by studying the e ffec ts  o f substituents
in the carbon acid and in the few cases where both approaches have been
(8)adopted the 3  values are in good agreement1  J , with the notable
(9)exception o f nitroalkanesv J.
Studies by B ell and co-worker^’ have shown that for ca ta ly sis  
by a ser ies o f carboxylate anions for a number o f carbon acids the 3  
values increase with decreasing acid strength. Q ualitatively i t  i s  easy 
to see why the values o f 3  should vary from the minimum value (0 . 0 ) to 
the maximum (1.0) as the acid ity  of the carbon acid i s  changed. When 
the carbon acid i s  extremely strong and reactive the rate i s  close to
9 10
the d iffusion  lim it ( ~ 1 0  -  1 0  1  m” 1  s *) and i s  v ir tu a lly
independent o f the base strength o f the c a t a l y s t s o  that 3  -  0 . 0  .
On the other hand with weaker acids reaction becomes more sen sitiv e  to 
changes in b asic ity  u n til a situation  is  reached where 6 AG^  -  6 AG° 
and 3  “ 1 . 0  .
Another way o f obtaining 3 values is  to take advantage o f the fact
that the rates o f ionisation o f carbon acids can be greatly accelerated
(12)by employing highly basic mediav . The resu lts o f several studies show
that the weaker the acid the more receptive the reaction i s  to increasing 
(13)b a s ic ity v J , ie .  the higher the 3 value. Reactions that have been 
studied in th is way include the racemisation o f (+) - 2 -methy 1 -  3 -phenyl-
p rop ion itr ile^ ^  and (-)-: m enthone^;', the ionisation o f nit'roethane and
the d etr itia tion  o f chlbroform ^v, acetophenone^*^ and several
fl3  19 201fluorene-type hydrocarbonsv J . In some o f these studies ion
association e ffec ts  are important and th is makes the interpretation o f  
the resu lts more d if f ic u lt .
The above examples show that many d ifferent methods can, and have
been employed to study the rates o f ionisation  o f  carbon acids. Only a
1211b r ie f review o f the methods can be given here ^  . An ind irect method
that has been widely used is  that o f  halogenatiori (usually bromination but 
sometimes, iodination). In the simplest case we have
RH + B" — > R  + HB (2.6)
carbon
acid
I f  + Br2  — -t > RBr + Br" . (2.7)
Where more than one bromine atom can be incorporated the situ ation  i s  
more complicated (see Chapter 3). I t  was customary practice for samples 
to be withdrawn at various time in terva ls, the reaction quenched and the 
halogen concentration determined by t itr a tio n . However the advent o f  
spectrophotomeric methods and in the case o f  very fast reactions, the 
stopped-flow method, now make i t  much easier -  the reaction can be 
followed by monitoring changes in the absorption band at a particular
wavelength. This method has been widely used, eg. in the case o f
( 2 2 1  (231
2 -carbethoxy-cyclopentanonev J and 2 -acetyl-cyclohexanonev , as w ell
(241as for a number o f $-diketones^ J.
Nuclear magnetic resonance spectroscopy (NMR) can be used in two 
d ifferent ways to follow the rates o f chemical reactions. F ir stly , the 
change o f concentration with time o f one o f the components can be 
obtained from the changes in spectrum in ten sity . This method is  
restr icted  to reactions with h a lf- liv e s  greater than a few minutes and 
requires fa ir ly  concentrated solutions ( -  0 .1  - 0 .5  M) o f the substrate.
I t  i s  also important that no overlapping o f the solvent spectra occurs 
with those o f the group undergoing exchange. This method has been used 
to follow hydrogen-deuterium exchange o f [2- 2 H] -isobutyraldehyde , 
methoxyacetone^^ as w ell as several other ketones ^ ^ .
In the second way the NMR method can be used to follow re la tiv e ly  
fa st reactions (h a lf-liv es  between 0.001 and 1 sec ). Here the system is  
at chemical equilibrium and the rate o f exchange calculated from the 
width o f the resonance peak o f the nuclei undergoing reaction - th is  i s  
known as the lin e  broadening method and has been used to study the
solvent-catalysed exchange o f the me thine proton o f  1 , 1 -bisethylsulphonyl-
(29") (30)ethane'- J as w ell as for other proton transfer reactions in  methanol^
and ethanol .
I f  the carbon acid is  op tica lly  active then i t s  rate o f racemisation 
can be used as a measure of the rate o f ion isation . D iff ic u lt ie s  with  
th is  method may be experienced when the to ta l change in rotation  
(either because o f low so lu b ility  or because o f the small differences in  
the sp ec ific  rotation o f the resolved compound and the racemised product) 
i s  small. The method has been widely used, eg. racemisation o f  (+) 2-methyl 
-3-phenylpropionitrile^^ anda,a-phenylmethylacetophenone(d-methyl- 
deoxybenzoin) .
-  H J  ~
Work over the la s t  10-15 years has shown that isotope exchange,
particu larly tritium-hydrogen exchange, i s  a particularly useful method
for following the rates of ion isation . Tritium is  a weak 3-emitter
(EaVg = 5«7 Kev) with a h a lf - l i f e  o f 12.3 years. Rates o f d etr itia tion
can be measured by following the decrease in radioactivity  as a function
('3 3 - 3 5 ')
o f time. I t  has been shownv J that the method w ill  always give 
f ir s t  order k inetics (provided the tritium  is  present at trace 
concentration) irrespective o f the fact that the reaction may be b i-  or 
termolecular, and also of the existence o f an isotope e ffe c t
For reaction between a tr it ia te d  carbon acid (RT) and a base,
RT + B‘ — r" + BT
i f  [X] represents the radioactivity  o f  RT , the rate i s  given by
Rate = -  = k[x] (2.8)
dt
which on integration gives 
[X ]
to  - 2 -  = kt (2.9)
p y
[X ] , [X ] represent the radioactivity  a t time zero and time t  
respectively. A p lo t o f log [Xj against time should therefore be 
linear with a slope -k/2.303, from idiich k can be calculated. A 
variant^^’*^  o f th is  method which is  particu larly useful for very slow 
reactions involves monitoring the increase in the rad ioactiv ity  o f the 
solvent resu lting from d etr itia tion . In th is case
[x0i “ a» 311(1 p y " (a» -  at )
where and aro are the radioactivity  o f the solvent at time t  and 
on completion of the reaction, respectively . Equation 2.9 now takes 
the form
kt (2. 10)
Over the in it ia l  stages o f the reaction (1-3% completion) Jin * X
so that
a^/a = kt t  00 (2. 11)
ie .  the radioactivity increases lin early  with time.
Because tritium  is  such a weak 3 -em itter, liquid  s c in t i l la t io n  
counting is  the preferred method o f measuring the rad ioactiv ity . The 
p lo t o f a^ against t  should give a slope o f ka^ and hence k can 
be calculated.
The reaction i s  usually followed to a 2-3% completion using a 
concentration o f tr it ia te d  compound higher than that employed in the 
conventional method.
The in i t ia l  rate method i s  very sen sitive  to the presence o f trace
1
impurities and i s  also experimentally more demanding.
Liquid sc in tilla tio n  counting is  usually employed for the detection  
of low energy 3 -em itters such as 3H , ll*C , 35S and 32P *, the method 
offers a high detection effic ien cy , absence o f self-absorption and ease 
of sample preparation. Two problems associated with i t ,  namely quenching 
effects  and sample so lu b ility  can frequently be overcome ^  ^ .
The procedure for liquid  s c in t illa t io n  counting consists o f  
dissolving the radioactive sample in  a solution containing a 
sc in t illa to r  solvent and so lu te . The liq u id  sc in t illa to r  converts the
3 -energy emitted by the isotope to lig h t energy which is  then transformed 
by photomultiplier tubes to e le c tr ic a l energy. The signals are further 
amplified and presented in the form o f a d ig ita l display as counts per 
minute (cpm).
The sc in t illa to r  solvent is  se lected  on the basis o f  i t s  a b ility  to  
absorb the energy o f the 3 -p artic le  and transfer i t  e ff ic ie n t ly  to the 
solu te. Toluene in  particular has been much used. Purified dioxan or 
anisole are sometimes used when the radioactive substance i s  insoluble  
in toluene. Among several primary solutes such as p-Terphenyl,
2- (4-Biphenyl)-5-phenyl-oxadiazole (PBD) and 2 ,5-Diphenyl-oxazole (PPO) , 
the la s t  i s  the most widely used. They are generally used a t  
concentrations between 3-12 g /% .
I t  has been mentioned ear lier  that, the strengths o f carbon acids
vary widely. Ih is means that the rates o f ionisation also  d iffer  greatly;
on the one hand we have the more acid ic species which readily undergo :
isotopic exchange in  the solvent alone - the so-ca lled  ’ spontaneous *
reactions - 3 -diketones f a l l  into th is category (Chapter 3). On the
other hand there are many carbon acids which are so feebly acid ic that
they require fa ir ly  drastic conditions (highly basic media) before
ionisation can be followed - the deuteriation o f toluene (methyl position)
r4n
by lithium cyclohexylamide^ J is  an example. In between these two
fl3')
categories e x is t  a large range o f  acids -  the fluorenes^ J and 
p h e n y l a c e t y l e n e s a r e  good examples, where although i t  i s  not possib le  
to detect any exchange with the solvent i t  i s  not necessary to  employ 
highly basic media - exchange readily takes place in aqueous hydroxide
solu tions. Ihe acetophenones also f a l l  into th is categoiy -  rates o f  
hydroxide-catalysed d etr itia tion s for a number o f meta- and para- 
substituted acetophenones have been previously measured^^ and the more
f44')
recently determined a c id it ie s v J have enabled the rates to  be 
correlated with the acid ity  constants. Work on the more acid ic  carbon 
acids have shown that th is kind o f correlation can be seriously  affected  
by structural considerations. For th is reason we thought i t  was wise to 
continue to study ionisation  from the -OOCH3  group with the ultimate 
aim of varying the acid ity  as much as possib le . The f i r s t  step in th is  
work was the synthesis o f a series o f benzylidene-acetones (methyl styry l 
ketones - C6 H5 -CH=CH-C0 CH3 ) . R u m n e y r e p o r t e d  on acid ity  (pK )
a
measurements for some substituted methyl styryl ketones but no rates o f  
d etr itia tion  were obtained. Ihe present work reports such measurements.
2.2 Experimental
Materials: The methyl styryl ketones were a l l  prepared by the
same method, namely condensation between the appropriate
benzaldehyde and acetone in  the presence o f sodium hydroxide, although
the experimental conditions varied s lig h t ly  from compound to compound in
accordance with previously published work. Thus the meta-methoxy-
{'4 7 ')
compound was prepared as in Bauer and Vogel’s J paper whereas the 
meta-bromo and meta-chloro-compounds were prepared using the conditions 
specified  by Heilbron and H ill ; several o f the other compounds were 
kindly provided by Rumney, who had prepared them by the procedure
f49'j
described by Lutz and co-workers''
A typical procedure in  so far as i t  describes the preparation o f  
meta-chloro-methyl styryl ketone i s  as follow s. A solution o f  
m-chloro-benzaldehyde ( 2 0  gm) in acetone ( 1 0 0  gm) was diluted with 
water to 2  l it r e s  and then treated with aqueous sodium hydroxide 
(100 m& of 101). The mixture was mechanically shaken for 48 hours, the 
separated o i l  extracted with ether, and the solution dried. After 
removal o f solvent, the residual o i l  was d is t il le d ;  the portion, b .p . 
171°/20 mm, slowly crysta llised  at room temperature, forming yellow  
p la tes, m.p. 28-29° (y ield  17 gm); i t  was r ec iy sta llise d  from 
ethanol-water.
I t  was customary practice to obtain nuclear magnetic resonance
spectra o f a l l  the conpounds prepared. A ll were analysed for carbon and
hydrogen and the resu lts are given in Table 2.1.  The melting points and
boiling points o f  the methyl styryl ketones were a l l  in  sa tisfactory
(46-49)agreement with the values given in the lite ra tu re v •
The tr it ia te d  methyl styry l ketones were prepared by homogeneous 
exchange (^ ,5 1 ) tr it ia te d  water (sp ec ific  a c tiv ity , 50 Ci/mfc)
supplied by The Radiochemical Centre, Amersham. The procedure consisted  
of reacting for 24-48 hours at room temperature, 0 .3  gm of the ketone,
~ 0 . 0 1  mil o f t itr ia te d  water, 1  p e lle t  o f sodium hydroxide and su ffic ien t  
A.R. dioxan to make the mixture homogeneous; a small amount o f anhydrous 
sodium sulphate was then added and the dioxan solution then poured into  
a beaker containing~ 50 mil o f water, when the labelled  ketone separated 
out. The product was f ilte r e d  and dried over P2 O5  under reduced 
pressure and f in a lly  purified by vacuum sublimation. A stock solution  
of the ketone was prepared by dissolving approximately 0 .3  gm of the 
labelled  compound in 3 mil A.R. grade dioxan.
TABLE 2.1
Analytical data for the synthesised  
methyl s tyryl ketones
Theoretical Experimental
Substituent %C %H %C %W
H 82.19 6.85 81.90 6.75
m-OMe 75.0 6.80 74.81 6.91
m-Br 53.3 4.00 53.20 3.99
m-Cfc- 66.49 5.02 66.39 5.00
Throughout the work solutions were made up using boiled-out 
de-ionised water. Carbonate-free sodium hydroxide was prepared by 
dissolving about 10 gins o f the A.R. grade material in  10 mil o f water.
The solution was allowed to stand u n til i t  became clear and 5 mil was 
further diluted to make the stock solution which was then protected from 
atmospheric carbon dioxide by a soda-lime quard tube. The solution was 
standardised from time to time using A.R. grade potassium hydrogen 
phthalate.
The hydroxide-catalysed d etr itia tio n  o f the methyl s ty iy l  ketones 
was followed using the conventional method mentioned previously. The
deta ils o f a typical experiment are as follows:
To 55 mil of an aqueous sodium hydroxide solution (of known base 
concentration) in a round-bottom flask  that had been equilibrated in  a 
thermostat bath at (25 ±0.05) °C, a small quantity, (usually 0.01 mil) o f  
the dioxan solution o f  the labelled  compound was added and a fter  a
suitable time interval 5 mil samples were withdrawn. These were injected
into tubes containing a mixture o f 1 0  mil o f liq u id  sc in t i lla to r  
(a 3.5 gm/il solution o f 2,5-diphenyl oxazole in toluene) and 10 mil o f  
boiled-out de-ionised water. After shaking and allowing the layers to  
separate most of the toluene layer was pipetted o f f  and added to tubes 
containing small quantities o f anhydrous sodium sulphate to remove 
traces o f water. The tritium  content was determined by counting a 5 mil 
aliquot using a Beckman L.S. 100 liquid  sc in t illa to r  counter. I t  was 
the general procedure to obtain more than 1 0 0 , 0 0 0  counts so that the 
standard deviation was better than ±0.3%. Usually nine samples were 
withdrawn and analysed for their tritium  content and the reaction studied  
to more than 75% completion. The hydroxide-ion concentration o f the
reaction mixture was also detemined (by titra tio n  with potassium 
hydrogen phthalate) at the end o f the reaction. The resu lts o f a 
typical experiment are given in  Table 2 .2 .
TABLE 2.2
The d etritia tion  o f p-N02-methyl styry l Ketone in  
aqueous sodium hydroxide solution  a t (25± 0.05) °C
Time
(min)
Ketone radioactiv ity  
cpm log io cpm
0 104,000 5.017
5 79,500 4.900
1 0 64,950 4.812
15 50,100 4.700
2 0 39,100 4,600
25 30,550 4,485
30 24,800 4.393
35 19,000 4.278
40 14,800 4.170
[0 H~] = 0.0806 M
A p lot of logio cpm versus time is  given in Figure 2.1 . 
a slope = -kT/2 .303 = -0.355 x 10’ 3  s " 1  , hence kT = 0.81 
The second order rate constant for ca ta lysis by [OH- ] 
is  therefore 0.81 x 10”3/0.0806 = 1 0 1 . 0  x 1 0 ”** I  m* * 1  s " 1  .
I t  has 
x 1 0 " 3
-uidb
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Figure 2.1
Kinetic p lo t for the d e tr itia tio n  o f  
p-N02-methyl styryl ketone at 25° C
4-9
4-7
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4-3
403020
Time (min)
2.3 Results
TThe first-order rate constants k (s’*1) for methyl styry l ketones
Tand their second-order rate constants k ^ -  (£ nT1  s"*1) are summarised 
in Table 2 .3 . D etails o f th eir  pK^s and the Hammett a values are 
given in  Table 2.4 .
-  -
TABLE 2.3
Rates o f hydroxide-catalysed d etr itia tio n  o f some 
methyl styry l ketones at (25 ± 0.05) °’C
10" kT [OH'] 10"
Substituent s " 1  m Jl” 1  I  nr 1  s _ 1  Average value
1 . p-QMe 2.54 0.1004 25.3 25.1 ± 0.20
3.74 0.1487 25.1
7.04 0.2829 24.9
2 . m-OMe 4.85 0.1456 33.3 35.0 ± 0.16
7.00 0.1971 35.5
7.90 0.2170 36.4
3. H 3.87 0.1171 33.0 33.7 ± 0 .8 3
5.08 0.1532 33.1
6.89 0.1975 34.8
7.33 0.2159 33.9
4. p-Br 2.81 0.0603 46.6 46.1 ± 0.87
3.60 0.0781 46.1
4.48 0.0985 45.5
5. p-Cil 2 . 0 1 0.0448 44.9 45.1 ± 0.91
3.06 0.0690 44.3
4.28 0.0927 46.1
6 . m-Cil 4.29 0.0879 48.8 48.1 ± 0.14
6.99 0.1478 47.3
7.78 0.1670 46.6
8.32 0.1673 49.7
TABLE 2.3 (contd.)
7. m-Br 6.92 0.1446 47.9
7.22 0.1480 48.7
8.08 0.1665 48.5
8 . p-CN 3.75 0.0432 8 6 . 8
5.65 0.0683 82.7
6 . 0 0 0.0686 87.4
8 . 6 8 0.1009 8 6 . 0
9. m-N02 5.65 0.0783 72.1
7.14 0.0988 72.3
10.70 0.1470 72.8
1 0 . p-N0 2 7.10 0.0702 1 0 1 . 1
7.60 0.0745 1 0 2 . 0
8.09 0.0806 100.4
10.18 0 . 1 0 1 2 100.5
48.4 ± 0.79
85.7 ± 0.20
72.4 ± 0.74
101.0 ± 0.73
-  i> /  -
Figure 2.2
TPlot o f log 1 0  k ^ -  against Hammett a values for methyl styryl ketones 
at 25°C. The numbers correspond to those given in Table 2.3
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TABLE 2.4
(■521A cid ities and Hammett o  va luesv J for some 
methyl styry l ketones a t (25 ± 0 .0 5 )°C
No. Substituent
Hammett 
substituent 
constant 0
„ (53) . pKa  ^ J in
Me2 S0-H20
mixtures
1 , p-OMe -0.268 22.09 ± 0 . 1
2 . m-OMg +0.115 -
3. H 0 . 0 0 0 2 1 .6 5 ^ ± 0 . 1
4. p-Br +0.232 21.60 ± 0 . 2
5. Xi 1 9 +0.227 21.42 ± 0 . 1
6 . m-Gl -*0.373 21.37 ± 0 . 1
7. m-Br +0.391 21.23 ± 0 . 1
8 . p-CN +0.660 20.65 ± 0 . 1
9. 1 1 1 -NO2 +0.710 - -
1 0 . p-N02 +0.778 - . -
(a) 0.25 pK units le ss  acid ic  than previously reported
lo
gi
o
Figure 2,5
Bronsted p lo t for some methyl styryl ketones at 25°C 
The: numbers 'correspond to those given in Table 2 .4 .
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2.4 Discussion
Ihe hydroxide-catalysed d etr itia tion  rate constants vary by a 
factor o f 4 in  going from the lea st reactive (p-GMe) to the most 
reactive (p-N02) compound. The corresponding change for the acetophenones 
i s  in  the region o f 1 0 , illu stra tin g  very n ice ly  the e ffe c t  o f
X
interposing the v in y lic  linkeage. The p lo t o f log against the
Hammett substituent constant (a) i s  sa tis fa c to r ily  linear (Figure 2.2) 
with a slope (p) o f  0.55 ± 0.03, approximately h a lf  the value found for  
the acetophenones.
Ihe pK values , which cover a range o f no more than 1.5 pK units a
are also linearly  related to a , the slope being 1.42 ± 0 .1 ,
(441approximately three times lower than that found for the acetophenone ^  J . 
Results sim ilar to these have been reported for other systems. Thus 
in the case o f cinnamic a c id ^ ^  (ArCH=CHC0 2 H) the slope o f  the pK -  a
cl
p lot is  0 .42, sim ilar to that reported for l-aryl-2-nitropropanes 
(ArCH2 -CHMe-N02) in 501 (v/v) water-methanol (0.395) which i t s e l f  i s  
considerably lower than that reported for l-arylnitroethanes (ArCHMe-N02) 
(1.07) under the same c o n d it io n s '^ . In the rates o f ion isation  o f  the
l-aryl-2-nitropropanes the value o f  p i s  (0.665), and for the
1 -aiyln itroethanes, (1 .4 4 )^ ^ .
TThe Bronsted p lo t (log k^^- - pK )^ for the methyl styry l ketones 
(Figure 2.3) has a slope (3) o f (0.36) (correlation co effic ien t o f 0.97) . 
No signs o f curvature are apparent, as was found for the acetophenones. 
This could be due to the narrow range o f r ea c tiv it ie s  experienced in  
th is work. Indeed when the Bronsted p lo t i s  enlarged to include both 
the methyl styry l ketones and the acetophenones i t  i s  seen (Figure 2.4)
log
 1
0
Figure 2.4
Bronsted p lo t for the acetophenones © and 
methyl styryl ketones e  , (the numbers for the la tte r  
correspond to those given in Table 2.4) ,
1.4
© p-CN
© H
Op-Me
- 2 . 6
-3 .0
23.620.418.8
PK
that they can both be represented by the same curve. This curve seems 
to suggest that any kind o f solvent isotope e ffe c t  on the a c id it ie s  o f  
the ketones i s  sim ilar in both cases. The 3 value is  in fa c t  very
sim ilar to that reported for fluorene-type hydrocarbons (0.37) having
f57V •'pK values in  the range 15-24 J but higher than the value reported a
(3)(0.20) for a number o f d i- and t r i -  aiylmethanesv J. I t  remains to be 
seen whether the carbon acids o f d ifferent structure type can be 
described by the same Bronsted p lo t when the hydroxide catalysed  
d etritia tion  rate constants and a c id itie s  are determined under the same 
experimental conditions.
References
1 . J.R. Jones,"The Ionisation o f Carbon Acids", Academic Press,
London and New York, (1973), Chap. 5.
2. R.H. Boyd, J . Phys. Chem., (1963), 67, 737.
3. A. Streitw ieser, J r .,  M.R. Granger, F. Mares and R.A. Wolf,
J . Am. Chem. S oc., (1973) , JI5, 4257.
4. R.G. Pearson and R.L. D illon, J. Am. Chem. S oc., (1953), 75, 2439.
5. J.R. Jones, Quart. Rev., (1971), 25, 365. -
6 . J.N. Bronsted and K.J. Pedersen, Z. Physikal Chem., (1924), 108, 185.
7. R.P. B e ll, The Proton in Chemistry, Cornell Univ. Press,
Ithaca, N.Y., second ed ition , Chap. 10.
8 . F. Hibbert, F.A. Long and E.A. Walters, J . Am. Chem. Soc.,
(1971), 93, 2829.
9. (a) F.G. Bordwell, W.J. Boyle, J.A. Hautala and K.C. Yee,
J. Am. Chem. Soc., (1969), 91, 4002.
(b) M. Fukuyama, P.W.K. Flanagan, F.T. Williams, L. Frainier,
S.A. M iller and M. Schechter, J . Am. Chem. Soc., (1970), 92^ , 4689.
(c) F.G. Bordwell and W.J. Boyle, J . Am. Chem. Soc., (1971),
93, 511; (1972), 94, 3907; (1975), 97, 3447.
(d) F.G. Bordwell, Faraday Symp. Chem. Soc., (1975), 10, 100.
-  04  -  .
10. D.J. Barnes and R.P. B e ll, Proc. Roy. Soc., (1970), 318A, 421.
1 1 . M. Eigen, Angew. Chem. Internat. Ed., (1964), _3, 1.
12. J.R. Jones, Progr. Phys. Org. Chem., (1972), !9, 241.
13. D.W. Earls, J.R. Jones, T.J. Rumney and A.F. C ockerill,
J . Chem. Soc., Perkin II , (1974), 1806.
14. D.J. Cram, B. Rickbom, C.A. Kingsbury and P. Haberfield,
J. Am. Chem. Soc., (1961), _83, 3678.
15. R.P. B ell and B.G. Fox, J. Chem. Soc. (B), (1970), 194.
16. R.P. B ell and B.G. Cox, J . Chem. Soc. (B), (1971), 783.
17. Z. Margolin and F.A. Long, J . Am. Chem. Soc., (1973), 95, 2757.
18. J.R. Jones and R. Stewart, J . Chem. Soc. (B), (1967), 1173.
19. A. Streitw ieser, J r . , W.B. Hollyhead, G. Sonnichsen, A.H. Pudjaatmaka, 
P.H. Owens, T.K. Kruger, P.A. Rubenstein, R.A. MacQuarrie,
M.L. Brokaw, W.K.C. Chu and H.M. Niemeyer, J . Am. Chem. Soc., (1971), 
93, 5088.
20. D.J. Cram and W.D. Kollmeyer, J . Am. Chem. Soc., (1968), 90, 1791.
21. For a more detailed account see reference 1, Chap.; 1.
22. R.P. B ell and H.L. Goldsmith, Proc. Roy. Soc., (1951-2),
210, 322.
23. T. Riley and F.A. Long, J . Am. Chem. Soc., (1962), _84, 522.
24. R.P. B ell, E. Gelles and E. Mbller, Proc. Roy. Soc., (1949),
198, 308.
-  65 -
25. J . Hine, J.G. Houston, J.H. Jensen and S. Mulders, J . Am. Chem.
S oc., (1965), 87, 5050.
26. J. Hine, K.G. Hampton and B.C. Menon, J . Am. Chem. Soc.,
(1967), 89, 2664.
27. W.H. Sachs, Acta Chem. Scand., (1971), 25, 2643.
28. C. Rappe, Acta Chem. Scand., (1967), 21, 857.
29. B.G. Cox, F.G. Riddell and D.A.R. Williams, J. Chem. Soc. (B),
(1970), 859.
30. E. Grunwald, C.F. Jumper and S. Meiboom, J . Am. Chem. S oc., (1962), 
84, 4664.
31. H. Feldbauer and A. Weller, Z. Physik. Chem. (Frankfurt) , (1962) , 
32, 263.
32. D.W. Earls, J.R. Jones and T.G. Rumney, J . Chem. Soc. (Faraday),
(1972), 6 8 , 925.
33. H.A.C. McKay, Nature, (1938), 142, 997.
34. R.B. Duffield and M.J. Calvin, J . Am. Chem. Soc., (1946), (38, 557.
35. T.H. Norris, J . Phys. Chem., (1950), S4, 777.
36. G.M. Harris, Trans. Faraday Soc., (1951), 47, 716.
37. A.J. Kresge and Y. Chiang, J. Am. Chem. Soc., (1961), 83, 2877.
38. A.J. Kresge and Y. Chiang, J. Am. Chem Soc., (1967), 89, 4411.
39. A. Dyer, ’An Introduction to Liquid S c in tilla tio n  Counting’ ,
Heyden, London, New York, Rhenie (1974).
-  66 -
40. J.R. Jones, Int. J . Appl. Radiat. Isotopes, (1966), 17, 6 6 6 .
41. A. Streitw ieser, J r . , D.E. Van Sickle and W.C. Langworthy,
J. Am. Chem. Soc., (1962), 84, 244.
42. E.A. Halevi and F.A. Long, J. Am. Chem. Soc., (1961), &3, 2809.
43. J.R. Jones, R.E. Marks and S.C. Subba Rao, Trans. Faraday Soc.,
(1967), 63, 111.
44. D.W. Earls, J.R. Jones and T.G. Rumney, J . Chem. Soc. Perkin I I ,
(1975), 878.
45. T.G. Rumney, Ph.D. Thesis, University o f Surrey, (1973).
46. Gilman and B la tt, Org. Synthesis, (1941) 2nd e d ., Vol. 1, 77. ,•
47. H. Bauer and P. Vogel, J. Prakt. Chem. (1913), 8 8 , 329.
48. I.M. Heilbron and R. H ill ,  J . Chem. Soc., (1928), 2863.
49. R.E. Lutz, T.A. Martin, J .F . Codington, T.M. Amacker, P.K. A llison
N.H. Leake, R.J. Rowlett, J r .,  J.D. Smith and J.W. Wilson,
J. Org. Chem., (1949), 14, 982.
50. Reference 1, Chap. 11. '
51. E.A. Evans, 'Tritium and Its  Compounds', Butterworths, London,
(1966), 121.
52. L.P. Hammett, Physical Organic Chemistry, 2nd e d ., McGraw-Hill,
(1970), Chap. 11.
53. S.T. Hamdi, J.R. Jones and T.G. Rumney, J . Chem. Soc., Perkin I I ,
(1976), 846.
-  0 /  -
54. A.F. Cockerill, D.W. Earls, J.R. Jones and T.G. Rumney,
J . Am. Chem. Soc., (1974), 96, 575.
55. C.D. Johnson, 'The Hammett Equation', Cambridge University Press,
(1973), p. 8 .
56. F.G. Bordwell, W.J. Boyle, Jr. and K.C. Yee, J . Am. Chem Soc.,
(1970), 93, 5926.
57. A. Streitw ieser, J r .,  W.B. Hollyhead, G. Sonnichsen,
A.H. Pudjaatmaka, C.J. Chang and T.L. Kruger, J. Am. Chem. S oc .,
(1971), 93, 5096.
CHAPTER 3
THE IONISATION OF 3-DIKETONES
3.1 Introduction
3.2 Experimental
3.3 Results
3.4 Discussion 
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3.1 Introduction
3 -Diketones are o f  great importance in the chemistry o f  
coordination compounds because o f their a b ility  to form stable  
crysta llin e  complexes with a large number o f metal i o n s ^ .
R R
\  /;c = o v o - c
HC M (H
\ - 0 /  \ > = C /
Consequently, 3“diketones are widely used for solvent-extraction studies
of metals such as the rare e a r t h s ,  l a n t h a n i d e s a n d
a c t i n i d e s a s  w ell as for the determination o f metal ion concentrations
a t very low l e v e l s A  recent and important application concerns the
determination o f c h r o m i u m i n  lunar m aterials. Furthermore, many
f l l  12 Vcomplexes of 3 -dike tones have been used as catalysts in polymer^ 9
fl3)chemistry and also in the structuralv J aspects o f inorganic chemistry.
3-Diketones are considerably stronger acids than ketones,
eg. benzoy lace tone has a pK o f 8 .7 1 ^ ^  in water as compared to a valuea
of 2 1 .5 ^ ^  for acetophenone. On the other hand they can, lik e  the 
ketones e x is t  as tautomers (a keto-form (a) and an enol-form (b)
The enol-form o f  the 3-dike tones i s  more stable than the enol-form
of simple ketones, and appreciable quantities o f both enol and keto
forms can e x is t  in equilibrium with each other, eg. acetylacetone is
present in the enol-form to the extent o f 15% in aqueous solutions and
92% in hexane s o l u t i o n T h i s  behaviour is  understandable since in the
enol-form the carbon-carbon double bond is  in conjugation with the
second carbonyl group . The greater enolisation in  hexane resu lts
from sta b ilisa tio n  o f the enol-form by internal hydrogen bonding, whereas
in aqueous solution , the carbonyl groups are hydrated or hydrogen-bonded
Q7 19)to water molecules and there is  le s s  to gain by enolisation^ * .
The increasing use o f  3-dike tones as chelating agents for many metal
ions has prompted many studies aimed at measuring the a c id it ie s  o f
f20-22)various 3 -diketonesv . This i s  doubtless due to the fact that the 
pK *s o f 3-diketones are frequently required with some accuracy in order 
to make better  comparisons o f  the formation constants o f  chelate compounds 
formed between metal ions and the 3 -dike tones.
Acidity constants o f carbon acids can be determined by a variety  o f  
z'23')
techniques^ J, usually depending on the acid ity  o f the carbon acid  
under consideration.
The equilibrium:-
RH ;=* R~ + H+ (3.1)
measures the in tr in sic  acid ity  o f an acid. However, i t  takes no account 
of the solvent and for those carbon acids whose a c id itie s  can s t i l l  be 
measured in aqueous media the equation:-
RH + H2 0?=± R-  + H3 0+ (3.2)
serves to define the thermodynainic acid ity  constant, K3.
Ka
V  ? aH3 0* 
aRH
( 3 . 3 )
or
[R~] [ f o p * ]  f R~ 
[RH]
Ka (3-4)£RH
where the a 's  are a c t iv it ie s , f ' s  a c tiv ity  coeffic ien ts  on the 
molar concentration scale and [ ] denotes concentration. The a c tiv ity
under conditions where the a c tiv ity  co effic ien t expression reduces to  
unity or when the conditions are such that the relevant a c tiv ity  
coeffic ien ts can be calculated.
The a c id itie s  o f the 3-diketones studied in  the present work are
most conveniently determined by means o f potentiometric titra tio n s
(suitable for pK fs in  the range ~ 4-10) where the change in  pH o f  a
aqueous solutions o f the 3 -diketones which have been p a rtia lly  
neutralised (10-901) with carbonate-free sodium hydroxide solu tion , 
have been measured. The titra tion s were carried out under nitrogen 
using a glass electrode that had been previously calibrated for work 
in  aqueous media.
I f  the concentration o f  the acid used is  very low (< 0.01 M) the 
a c tiv ity  co effic ien t term can be neglected and equation 3.4 sim p lifies  to
o f water, a^Q is  assumed to remain constant. Ka can be determined
Ka
[R~1 [H+]
[RH]
(3-S)
where is  the concentration dissociation  constant. In titra tin g  a 
solution o f an acid with a strong base such as sodium hydroxide i t  i s  
possible to measure: -
( 1 ) the pH o f the solution;
(2) the concentration o f the s a lt  Na+ R~ formed -  th is is  equal to
b , the concentration o f base added;
(3) the concentration o f  the free acid remaining - th is  i s  equal to
a -  b where a i s  the in i t ia l  concentration o f the acid.
[H+] derives from the concentration o f free acid so that s tr ic t ly
speaking [RH] -  a  -  b -  [H+J . Likewise, [R~] = b + [H+] , so that 
equation 3.5 takes the form
ic = (3.6)
3  (a -  b -  [H ])
For weak acids, [H+] is  n eg lig ib le  compared with a -  b or b .
However, th is condition i s  only sa t is f ie d  i f  the pH o f the solution  
remains within the range 4 to 10 during t itr a tio n . In these circumstances 
equation 3.6 sim plifies to
K = b f a ]  (3.7)a a -  b v 7
Equation 3.7 can be written in logarithmic form as
lo Sio K  = 10gio [H+] + lQgio _ k (3.8)
or
pH = pKa + log 1 0 (3.9)
Values o f pfv can therefore be calculated for various degrees o f  a
neutralisation . A lternatively a graph o f pH against lo g 1 0  —- —
a -  b
should give a straight lin e  o f un it slope and an intercept equal to 
pK (corresponding to the case where the acid is  half-neutralised , 
ie .  b = a -  b and the second term in equation 3.9 vanishes).
Compared to the studies on thermodynamic a c id itie s  (20”22)
(24)re la tiv e ly  fewer stu d iesv have been reported on the k in etic  a c id itie s  
o f 3 -diketones. In most cases, the rates o f ionisation o f 3-diketones 
are measured ind irectly  by following the rates o f the corresponding , 
halogenation reaction according to the following scheme:-
RH2  + B" kl-> RH" + BH (3.10)
RH" + Br2   fas t > RHBr + Br" (3.11)
RHBr + B" ----k?„ > RBr" + BH (3.12)
RBr" + Br2  —f a s t > RBr2  + Br" (3.13)
RH2  being the carbon acid, and ki and k 2  are f ir s t  order rate
constants with the catalyst concentration remaining e ffe c tiv e ly  constant.
The transfer o f a proton from the carbon acid to the cata lyst i s  the
rate determining step ^  ^  . Rates o f halogenation are usually followed
by spectrophotometric methods, eg. the rates o f bromination can be
(27)measured by observing changes in  the absorption bandv J a t 390 nm 
Ce-gr 2  = 196). However i f  e ither the products or reactants absorb in  th is  
region the absorption at 500 = 20) or the tribromide absorption
near 340 nm Ceg r 2  = 860) can be employed. The halogenation method can be 
readily applied for carbon acids containing one acid ic C-H bond as 
demonstrated by the work o f  Long e t  a l on the bromination o f '
( 27 )
2-acetylcyclohexanonev J and o f Bell e t  a l on the bromination o f
2 -carbethoxy-cyclopentanone^^ and ethyl cyclopentanone-2 -carb oxy la te^ ^ . 
In favourable cases, the method can also be applied to carbon acids with 
more than one acid ic C-H bond when the rate constant ki «  k2  .
However d if f ic u lt ie s  are lik e ly  to arise when the rate constants ki 
and k 2  are o f conparable magnitude in which case the calculation o f  
the individual rate constants from the overall rate o f bromination is  
computationally more demanding. Such d if f ic u lt ie s  have been encountered
in the bromination o f ethyl n itroacetate , ethyl cyanoacetate ,
. (3;n ('32') f33V ('3 3 ')m alononitrilev , acetone . ace ty lace tone ^  J and ben zoy lace tonev J.
For acetylacetone, the k inetics o f bromination has been investigated by 
C34)B ell e t  a l v J who assumed that the f ir s t  step is  wholly rate-determining.
f 33)However, in a subsequent study, B ell e t  a l \  J have used th e ir  observed
Hrate constant k 2  for the second step to derive k = 1.71 x 10“ 2  s " 1  
for the f ir s t  step , a titra tio n  method being used to follow the overall
('35')
reaction. B ell e t  a l v /  reinvestigated the k in etics o f bromination o f
acety lace tone using a po ten tiome tr ie  method which has been shown to be
more reliab le  than the conventional titra tio n  method, and a value o f
H1.32 x IO" 2  s " 1  was obtained for k , the difference being mainly due
to the lower value o f k 2  obtained using the titra tio n  method. Values
used for k 2  are respectively 2.4 x 10" 2  s " 1  and 3.35 x 10" 2  s _ 1  for the
('3 5 ')
titra tio n  and potentiometric methods. The discrepancy i s  attributed^ J 
to the fact that the titra tio n  method, which depends upon the analysis o f  
a product which was shown to be decomposing, i s  l ik e ly  to give low values.
In an attempt to avoid the d if f ic u lt ie s  involved in the bromination 
method, Kirby and Mayer ^  J have developed a particu larly useful and 
simple method for measuring the rates o f ionisation  o f $-diketonic  
substances by following their corresponding rates o f enolisation . The 
method has been employed^^ to measure the rate o f enolisation  o f
2 -acetylcyclohexene-l-carboxylate. I t  was found that the 2 -acety l-  
cyclohexene-l-carboxylate ion was hydrolysed extraordinarily rapidly to  
the 2 -hydroxy compound and that the ketonisation o f th is enol was slow 
enough to measure a t pH 7-11.
In general 3-diketones e x is t  predominantly in the enol-form in  
f37)organic so lventsv J and between 15-40% enol-form in water. Thus the 
rate o f ketonisation can be measured by adding a drop o f the equilibrated  
(24 hours) solution o f the 3-diketone in  the appropriate organic solvent 
to a large volume o f water (or aqueous buffer) and following the 
disappearance of the absorption associated with the enol-form o f  the
3 -diketone spectrophotometrically.
The reversible base-catalysed transformation o f 3 -diketones in to  
their  enolic  forms is  a reaction whose mechanism is  w ell e sta b lish ed ^ ^
9  ?  ki (enolisation) v ?
~ C ~ Cr  + B“ kl'x ("ke ton is  ^ io ii)  “ C- C- - + BH slow (3.14)
0" v OH
\ I .
— C—C— + BH  C =  c -  + B fa st  (3.15)
1 " 2  I equilibrium
From the measured rate constant for the ketonisation reaction, the 
corresponding constant for the enolisation  reaction can be calculated by:-
= K ' (3.16)
k_j
This method is  lim ited to ketones with an appreciable enol-content, 
lik e  the 3 -diketones. In addition, the enol-content in a water-soluble 
organic solvent must be considerably d ifferent from that in  aqueous 
solu tions, to allow measuring the rate o f ketonisation. F inally , th is  
method can only be used for reactions with h a lf- liv e s  greater than 
1 0  seconds.
In the present work the method i s  used for measuring the rates o f
ketonisation o f p-OMe-benoylacetone, benzoylacetone and deuterated
ben zoy lace tone (C6 H5 CDGD2 C0 CD3 ) in aqueous buffers.. For comparison, and as
an independent check o f the v a lid ity  o f the method, the 3 -diketone chosen
(271was 2 -acetyl-cyclohexanone v } for which the rates and equilibrium  
constant are known.
Although rate-equilibria  correlations (see Chapter 2) have been
used as indicators o f transition  sta te  structure few studies have been
(271reported on 3 -diketones. Riley and Longv J reported a 3 value o f  0 .6  
for the enolisation o f 2-acetylcyclohexanone w hilst B ell and co-workers 
reported 3 values o f 0.48 and 0.42 for the ionisation  o f  acetylacetone 
and bromoacetylacetone respectively . These resu lts have been interpreted  
as evidence o f transition  sta tes that are more reactant-like than 
product-like. Ihis i s  consistent with the observation^^ that the 
anions o f both acetylacetone and bromoacetylacetone are much stronger 
bases than water.
The measurements o f primary k in etic  isotope e ffec ts  also provides a 
powerful method for probing the structure o f  the transition s ta te . The 
isotope e ffe c t  re flec ts  the difference in  zero point energies o f carbon- 
hydrogen versus carbon-deuterium (or carbon-tritium) bonds in the in i t ia l
(391
and the transition sta tes o f a moleculev J . The development o f the 
theory o f k in etic  isotope e ffec ts  i s  usually made within the framework o f  
the ’absolute rate theory’ o f E y r in g ^ ^ . This assumes that the reactants 
are in  equilibrium with an ’activated complex' or 'transition  sta te ' 
which is  located at the top o f an energy barrier, and that th is  complex 
subsequently decomposes, to give the products. The transition  sta te  i s  
distinguished from ordinaiy chemical molecules in that one o f i t s  
vibrations has been replaced by an internal translation.
Although i t  i s  not c u r r e n t ly  possible to calculate the potential 
energy surface along which a reaction occurs  ^ for the case
AH + B [A . . .  H . . .  B]^— >A + HB (3.17)
the variation of potentia l energy along the reaction coordinate can be 
represented by Figure 3.1 . To a good approximation the electronic  
distributions for bonds involving other isotopes are id entica l so that 
the same potential energy curve can be used for the reaction
AD + B?=± [A . . .  D . . .  B — »A + BB (3.18)
The energy E o f a molecule can be expressed as the sum o f d ifferent  
contributions, E = Etransl + E ^  + E ^  + Ee lec  . To a vexy good 
approximation there is  no difference between the E  ^ ' terms for AH 
and AD and as E ^ ^ ^  i s  much greater than either Etransi  or Erotrl
the major contribution to the k in etic  isotope e ffe c t  stems from the 
difference in  the zero point vibrational energies o f the reactants and 
transition  s ta te s .
This simple theoretical model predicts values o f . •
H Dk /k  in  the region o f 7 at or near room temperatures, the corresponding 
H Tvalues of k /k  being close to 14. Examination o f  the available
(39 421experimental r e su ltsv V suggest two investigating features. In the
H Df ir s t  p lace, i t  i s  fa ir ly  common to find values o f k /k  o f around 1 0
at 25°C, ie .  considerably greater than the value of 7. In a few instances
(41)
even larger e ffec ts  are encountered, the highest being k^/k^ = 23
for proton transfer from 2-nitropropane to 2 ,4 ,6 - 1 rimethylpyridine
H Ttogether with the corresponding value k /k = 79 . In the second p lace,
H Dthere are unexpectedly large variations in  k /k for rather small
Figure 3.1
Variation o f potential energy for a proton (deuteron)
transfer reaction
•H4->
Reaction coordinate
structural changes in e ither the base or the acid. The discrepancy 
between theoretical predictions and experimental findings i s  by and large 
due to the fact that the theoretical model in  current use is  usually  
based on assumptions which are over-sim plifications of what, in  r e a lity ,  
i s  a complicated problem.
For base-catalysed reactions experimental variations in k in etic  
isotope e ffec ts  have been recorded for reactions in which (a) the substrate 
is  kept the same and the base i s  varied, (b) the substrate is  varied and 
the base is  kept the same, or (c) the substrate and base are kept the same 
and the solvent is  varied.
( 35}
Work by B ell and Crooks'' J provided k^/k^ values for the
/
water-catalysed bromination o f a variety of >CH-C=0 containing compounds
and for the bromination o f ethyl-a-methylacetoacetate catalysed by s ix
basic anions. The resu lts obtained, taken in conjunction with earlier
work, and presented in  the form o f a log (k^/k^) (or log (k^/kj,))
versus- ApK (ApK i s  the difference in  acid strength between the substrate
and the cata lyst) gave some suggestion o f a maximum isotope e ffe c t  in  the
(391region where ApK = 0 V J. This was taken to correspond to a symmetrical 
transition  s ta te .
Ihe importance o f 3 -diketone systems focuses attention on the need 
and d esira b ility  o f a detailed and systematic study o f their  ’thermodynamic1  
as w ell as ’k in etic’ a c id itie s  with a view to understanding the nature o f  
the transition  sta tes involved in  their  ion isation  reactions. This can 
be established through rate-equilibria  relationships and k in etic  isotope  
studies. This i s  the object o f the present study.
3.2 Experimental
■ 3 ”Uiketones can be synthesised in  a number o f d ifferent ways 
but that involving Claisen condensation^^ between an ester  and ketone 
i s  probably the most widely used.
Under certain conditions, a ketone having an a-hydrogen atom may be 
acy la  ted with an ester  or an acid anhydride to form a 3 -diketone. Ihe 
acylation o f ketones with esters has generally been effected  by means o f  
a basic reagent such as sodium, sodium ethoxide, sodium amide or sodium 
hydride. A lternatively, acylation o f ketones may also be effected  with 
acid anhydride by means o f the acid ic reagent boron tr iflu o r id e .
In the present work, a series o f  ring substituted (meta and para.
positions) benzoylacetones were prepared. However, the choice o f the
acylating agent varied from compound to compound, for example,
benzoylacetonev -  i t s  p-bromo and p-methyl derivatives were prepared
sa tis fa c to r ily  by the acylation o f the appropriately substituted
acetophenone with ethyl acetate in  the presence o f sodium ethoxide, whereas 
f45)p-methoxy p-nitro and m-nitro benzoylace tones were more readily  
prepared using acetic  anhydride as the acylating agent in  the presence 
o f boron tr iflu or id e .
The procedure adopted for the synthesis o f benzoylace tone i t s e l f  was 
as follow s:-
6  gm (0.088): mole o f  fresh sodium ethoxide (prepared from equimolar 
amounts o f powdered sodium and ethanol in  ether or xylene) were 
added to 20 gm (0.227 mole) o f previously dried ethyl acetate. The 
solution was stirred  for 15 minutes and then cooled in an ice  bath. 10 gm 
(0.0833 mole) o f acetophenone was then added slowly over a period o f
0 . 5 - 1  hr. The ice  bath was frequently removed to make sure that 
condensation, as evidenced by the evolution o f heat or the disappearance 
of sodium ethoxide, had begun. After a l l  the ketone had been added, the 
reaction mixture was stirred  for two to three hours in the ice  bath and 
then allowed to stand at room temperature for 12 to 16 hours. The 
mixture was then cooled in an ice  bath and an equal volume o f ice  water 
added. The aqueous and organic layers were separated and washed with 
ether and water respectively. The combined aqueous layers were ac id ified  
with g la c ia l acetic acid and the precipitated benzoylace tone separated 
by f iltr a t io n  from the acid solution and recrysta llised  from a 951 
ethanol-water mixture. In those cases where the 3 -diketone was a liq u id  
i t  was extracted with ether. The ether extracts were washed with water 
and with saturated sodium bicarbonate solu tion . After drying over 
calcium chloride and removing the 6 ther, the products were fraction a lly  
d is t i l le d .
The procedure for the acylation o f m-nitro-acetophenone with acetic
anhydride using boron trifluorid e was as follows and is  sim ilar to that
(471used by Mserwein and Vossenv J. m-Nitro-acetophenone 16 .5 gm (0.1 moles) was 
dissolved in  70 m2 , (ca 0 .7  mole) o f acetic  anhydride and the stirred  
mixture was saturated at 0°C with boron tr iflu orid e  . The 700 m£ o f  
131 sodium acetate solution was added and the resu lting mixture refluxed  
for 20 minutes. The mixture was then ch illed  in  an ice  bath and f ilte r e d .
The precip itate was washed thoroughly with water, cruched in a mortar and 
dissolved in 300 mil o f cold 2% sodium hydroxide solution . The alkaline  
solution was shaken with ether, the ether phase was extracted with 
additional 2% a lk a li u n til i t  no longer gave a p ositive  enol te s t  
(Ferric chloride). After f i lte r in g , the combined alkaline solution was 
ch illed  in an ice  bath and a c id ified  with 101 su lfu ric  acid. The so lid
m-nitro benzoylace tone which precipitated was f ilte re d  o f f  and 
recrysta llised  from 951 ethanol-water mixture.
I t  was customaiy practice to dry the 3 -diketones over P2 0 5  and 
under a vacuum. In the case o f  liquids purification  was carried out by 
d is t i l la t io n  unded reduced pressure, and in the case o f so lid s by 
recrysta llisa tion  from 95% ethanol-water. In the case o f the so lid s th is  
was followed by vacuum sublimation. The melting and b o iling  poin ts, 
together with the literatu re values are co llected  in Table 3 .1 . A ll the 
prepared 3 -diketones were analysed for carbon, hydrogen and nitrogen  
and the analytical data are given in  Table 3.2.
Throughout the work solutions were made up using boiled-out de­
ionised water. Buffer solutions were prepared by using the corresponding 
sodium sa lts  o f the acids, which were recrysta llised  from ethanol. The 
same method was used for the preparation o f buffer solutions in  
deuterium oxide (D2 0 ).
The tritium labelled  3 -diketones were prepared in a manner sim ilar  
to that described in  Chapter 2 using tr it ia te d  water (200 m Ci/mJl) . 
However, unlike the methyl s ty iy l ketones, 3-diketones can be 
sa tis fa c to r ily  tr it ia te d  without the addition o f  base.
The deuterium labelled  3-diketones were prepared by adding 0 .3  gm 
o f  the 3 -diketone to 2 m£ dioxan and 5 mil D20 (99.61) and allowing to  
stand for several days before the solvents were removed by means o f  a 
freeze-drying technique. The deuterated 3-diketone was then purified  by 
vacuum sublimation. The XH NMR spectra o f the deuterated samples 
showed that these 3 -diketones were coupletely deuterated in  the 
methylene position .
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TABLE 3.2
Analytical data for the synthesised 3-Liketones
3-Diketone
Theoretical 
%C %H %N
Observed
o , r  fto oL. ' o n . %n
Benzoylacetone 74.05 6 . 2 1 74.01 6.16 -  .
p-Br-benzoyl-
acetone
49.82 3.76 49.95 3.67 -
p-Me-benzoyl- 
acetone •
74.97 6 . 8 6 74.81 6.83 -  ,
p-OMe-benzoyl-
acetone
68.73 6.29 68.87 6.27 -  -
m-N0 2 -benzoyl-
acetone
57.97 4.37 6.76 57.80 4.25 6.62
p-N02 -benzoyl­
acetone
57.97 4.37 6.76 58.01 4.24 6.75
The rates o f d etr itia tion  o f the substituted benzoylace tones were 
followed by the same method as described in Section 2.2 . The resu lts  
o f a typical experiment are given in  Table 3.3 and Figure 3 .1 .
TABLE 3.3
The d etr itia tion  o f benzoylacetone in water 
at (25 ± 0.05)°C in II dioxan
Time
(min)
3-Diketone
radioactiv ity
cpm logio cpm
0 131,800 5.119
10.5 91,100 4.956
16 76,600 4.884
24 60,700 4.783
32 45,000 4.653
40 35,200 4.546
48 27,500 4.438
56 2 1 , 0 0 0 4.323
64 16,800 4.225
The p lo t o f  logio cpm against time (Figure 3.2) gives a slope o f  
-2.337 x 10_tf s " 1  from which = 5.36 x 10” ** s r l  . '
The second-order rate constant for ca ta lysis by water i s  therefore
x 10“  ^ = 9.69 x 10"e % m” 1  s ” 1  .
55.5
For the d etritia tion  o f  benzoylace tones, in  the presence o f  
carboxylic acid buffers, the relevant anion-catalysed rate constant was 
obtained by subtracting from the observed first-order rate constant the 
contribution due to water cata lysis and then dividing by the anion
concentration. The resu lts o f a typical d etr itia tion  o f benzoylace tone
in the presence o f a basic anion (sodium glycolate) at (25 ± 0 .0 5 )°C are 
given in Table 3.4 and Figure 3.2.
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Figure 3.2
Kinetic p lo t for the d e tr itia tio n  o f  
benzoylacetone in water at 25°C.
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TABLE 3.4
Ihe d etr itia tion  o f benzoylace tone in sodium 
glycolate buffer a t (25 ± 0 .0 5 )°C in 2% dioxan
Sodium glycolate concentration = 0.04118 M
Time
(min)
3-Dike tone 
radioactivity  
cpm logio cpm
0 162,300 5.210
3 126,000 5.100
6 96,600 4.985
9 76,800. 4.885
1 2 56,300. ' 4.750
15 44,170 .4.645
18 33,100. 4.520
2 1 25,200 4.401
24 2 0 , 2 0 0 . • 4.305
27 16,200 4.210
The p lo t o f log (cpm) against time (Figure 3.3) gives a slope o f  
-6.28 x 10_If s - 1  from which = 14.46 x 10“* s " 1  and
kT = kT - k Tobs K K(H2 0)
= (1 4 .4 6 -5 .3 6 )  1Q-" = 9.06 x lO” 4  s ” 1  .
Ihe value o f the second-order rate constant i s  therefore,
kTJ  _ obs
B r * l(anionj
k l = 9.06 x IO‘ VO.04118
D
= 2 2 . 0 0  x 1 0 - 3  I  in" 1  s"1 .
lo
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Figure 3.5
Kinetic p lot for the d etr itia tion  o f benzoylacetone 
in sodium glycolate buffer at 25° C.
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The a c id itie s  o f the 3-diketones studied in the present work were 
determined by means o f a potentiometrie t itra tio n  technique. Solutions 
o f the 3 -diketones were prepared by adding a known weight to 2  mil o f  
ethanol in  a weighing b ottle  and then adding the contents o f the b o ttle  
to a 500 m£ graduated flask  containing de-ionised and carefu lly  de-gassed 
water. After thorough shaking to ensure that the 3-diketone was in  
solution the flask was made up to the mark and the solutions protected  
from atmospheric carbon dioxide. A solution o f C02-free  sodium hydroxide 
was prepared as described in Section 2.2 .
The pH measurements were carried out using a Radiometer Titrator
with a glass electrode (Radiometer type G 202C) calibrated for work in
aqueous media with 0.05 M potassium hydrogen phthalate (pH = 4.00 at
25.0°C) and 0.01.M sodium tetraborate' (pH = 9.18 at 25.0°C). The
temperature control o f the thermostat was always better than ±0 . 1 °C and
usually ± 0 .05°C. The titra tion  vessel (of 100 m& capacity) was equipped
with a mechanical s tirrer  and a cover with five  h o les, o f which two are
for the electrodes (glass electrode and calomel e lectrode), one i s  for the
nitrogen in le t ,  one for the thermometer and one i s  used for in jectin g  the
hydroxide solution by means o f a micrometer syringe. T itrations were
performed in the customary manner usually using 50 mil o f a 3 x 10” 4  M
solution o f the 3 -diketone and 4.466 x 10“ 3  M NaOH solution . In a l l
cases 2 to 3 determinations o f the a c id itie s  o f each compound were made.
A typical calculation of pK o f benzoylace tone is  shown in Table 3.5a
and Figure 3.4.
TABLE 3.5
Calculation o f pK& value for benzoylacetone 
in  water at (25.0 ±.0.05)°C
Concentration o f 3 -diketone = 3 x 10”* mole A” 1
Concentration o f NaOH = 4.446 x 10” 3  mole Jl” 1  
In it ia l  volume of the reaction mixture = 50.0 mil
Obs.
No.
Vol. o f  
hydroxide 
solution  
added (mil) pH . 10 3  [HA] 10 3  [A"]
M
1> “]
1  ocT ^  ^
gl° [HA] pK■a
1 . 0 . 0 0 6.635 0.300 - ■ . - -  ■ . -  '■
2 . 0 . 2 0 7.537 0.281 0.0178 15.79 -1.198 8.735
3. 0.40 7.850 0.262 0.0354 7.39 -0.869 8.719
4. 0.60 8.070 0.243 0.0529 4.59 -0.662 8.732
5. 0.80 8.230 0.225 0.0703 3.19 -0.505 8.734
6 . 1 . 0 0 8.365 0.206 0.0875 2.36 -0.372 8.737
7. 1 . 2 0 8.485 0.188 0.1047 1.79 -0.255 8.740
a 1.40 8.595 0.170 0.1216 1.39 -0.146 8.740
9. 1.60 8.699 0.152 0.1385 1 . 1 0 -0.041 8.740
1 0 . 1.80 8.798 0.134 0.1552 0 . 8 6 -KD.062 8.735
1 L 2 . 0 0 8.895 0.116 0.1718 0 . 6 8 +0.168 8.727
1 2 . 2 . 2 0 8.995 0.099 0.1882 0.53 +0.278 8.716
: I3w . 2.40 9.105 0.082 0.2045 0.40 +0.398 8.706
Average pK value = 8.730 ± 0.012. a
V j L
Figure 5.4
P lot o f  pH against lo g 1 0  (b/a -  b) for benzoylace tone 
in  water at 25°C.
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The rates o f ionisation  of 3 “diketones were also measured by 
following the rates o f ketonisation spectrophotometrically. The change 
in in ten sity  of the absorption band o f the enol-form o f the 3 “diketone 
was measured as a function o f  time, using the Pye Uni cam SP 1800 
Spectrophotometer. The c e l l  compartment was thermostated such that the 
temperature o f  the c e ll  was controlled to better  than ±0.1°C.
The ketonisation process follows first-order k inetics so that
d lo g 1 0  (C -  CJ
k , = 2.303 x --------- — t----- —  (3.19)
dt
where (1 and C are the concentrations o f the enol-form o f the t  0 0
3 -diketone at time t  and in fin ity  respectively . Optical density and 
concentration are related by Beer’s Law, and the magnitude o f the 
extinction coeffic ien t o f the 3 -diketone i s  such that i t  ensures that for  
re la tiv e ly  small changes in  concentration, a large difference in optical 
density i s  observed. The rate o f ketonisation thus becomes:-
(O.Dt  -  O .D J
k .j = 2.303 x d  log - — ^ -------  (3.20)
where O.D  ^ and O.D  ^ are the optical d ensities o f the enol-form o f  
the 3 “diketone, at time t  and in f in ity  respectively . Ihe change in  
in tensity  o f the absorption band due to the enol-form o f the 3 “diketone 
(at 307 nm for benzoylacetone and 320 nm for p-OMe-benzoylacetone) were 
observed as a function o f time. A typical experiment was conducted 
as follows:
To the 1 cm reaction c e l l  was added 2.5 mil o f de-ionised water 
(or the buffer so lu tion ). This was then placed in  the conpartment 
holder and allowed to atta in  thermal equilibrium at 25°C. The temperature 
was determined before and after  the experiment. The spectrophotometer 
was adjusted so that only energy corresponding to the wavelength o f the 
absorption o f the enol-form o f  the 3 “diketone would be monitored. 
Approximately 0.1 mil o f the dioxan solution o f the 3-diketones 
(17.7 x 1 0 ”VM) was injected  into the c e l l ,  the contents mixed, and the 
enol absorption monitored using a recorder (Unicam AR 25 Linear Recorder) 
and the recording o f the spectrum commenced as quickly as possible u n til  
reaction was complete. The experiment was usually repeated 3-4 times and 
the resu lts o f individual runs found to agree to within 2%. A typ ical 
calculation is  shown in Table 3.6 and Figure 3;5 for the case o f '
benzoylace tone in sodium acetate buffer a t 25° C.
TABLE 3.6
HCalculation o f the rate o f enolisation (kx) o f  
benzoylacetone in sodium acetate buffer at (25 ± 0.05) °C
Sodium acetate concentration = 0.9610 x 10" 3  mole fl, ” 1  
Acetic acid = 0.9610 x 10- 3  mole £“l
kH
HHaO)
=4.805 x 1 0 " 2  s ' 1  , K = 0 . 3 4 ^  eq
Time (sec) ?*Dt O .D .-  O.D'-•/ t  oo logio(O.Dt  -  O .D J
. 0 . 0 0.966 0.356 1.5514
2 . 0 0.927 0.317 1.5011
4.0 0.890 0.280 1.4472
6 . 0 0.858 0.248 1.3945
8 . 0 0.828 0.218 1.3385
1 0 . 0 0.803 0.193 1.2856
1 2 . 0 0.780 0.170 1.2304
14.0 0.759 0.149 1.1732
16.0 0.741 0.131 1.1173-
18.0 0.726 0.116 1.0645
2 0 . 0 0.711 0 . 1 0 1 1.0043
2 2 . 0 0.700 0.090 2.9542
24.0 0.689 0.079 2.8976
26.0 0.680 0.070 2.8451
28.0 0.670 0.060 2.7782'
30.0 0.662 0.052 2.7160
32.0 0.656 0.046 2.6628
34.0 0.651 0.041 2.6128
36.0 0.646 0.036 2.5563
00 0.610 “ '
A p lo t o f log 1 0 (O.D -  O.DJ against tiir.e (Figure 3.5) gives a slope 
-k bs/2 .5°3  = -2.777 x 10- 2  s _ 1  , and
k , = 6.397 x 10- 2  s - 1obs
.OAc = kobs ~ k- i  (H,0)
"V ’  [OAc-]
• OAc = (6.397 -  4.805) 10~ 2
0.000961
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Figure 3.5
1.6 Rate o f enolisation  o f benzoylace tone in  
sodium acetate buffer at 25°C
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3.3 Results
TABLE 3.7
Water-catalysed d etr itia tio n  rate constants o f  
various benzoylacetones at 25.0°C
No. Subst.
1 0 " kT 
s - 1
Average
value
1 0 6  kHjO,
L m s 1
Hammett 
subst. 
const, o
1 . p-QMe 2.39
2.46
2.48
2.44 ± 0 .0 4 4.39 -0.268
2 . p-CH3 3.50
3.44
3.47 ± 0.03 6.25 -0.170
3. H 5.38 
5.44
5.38 
5.25
5.36 ± 0.09 9.65 0 . 0 0 0
4. p-Br 6.90
6.75
6.82 ± 0.08 12.29 +0.232
5. m-N02 16.13
16.60
16.36 ± 0.24 29.47 +0.710
6 . p-N02 18.12
18.07
18.09 ± 0.03 32.59 +0.778
TA p lo t o f log k versus Hammett a values is  given in  Figure 3 .6 . 
I t  has a slope o f 0.785.
Figure 3.6
X
Plot o f logio k against Hammett a values 
for benzoylacetones a t 25°C
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Figure 3.7
Bronsted p lo t for benzoylacetone ( o  d e tr itia tion , o  en o lisa tion ), 
.. p-OMe-benzoy lace tone ( A d e tr itia tio n , a eno lisa tion ), 
deuterated benzoylacetone (^ e n o lisa t io n )
and for benzoyltrifluoroacetone (□  d etritia tion ) .
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TABLE 3.10
Acidity constants o f substituted  
benzoylacetones a t 25.0°C
No. Substituent pK& Ref.
1 . p-N02  7.57 (14)
2. m-N02  7.69 (14)
3. p-Br 8.40 (14)
4. H 8.74 This work
5. p-Me 8.99 (14)
6 . p-QMe 9.21 This work
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TABLE 3.16
Primaiy isotope e ffe c ts  for benzoylacetone at 25.0°C
Base kH/kD
r j  >T> ( 3 - )
k / 2 k
n -p(a)
k / 2 k Zn (k^/k?) / I n  (k^ f \ P )
Water 8.90 15.20 1.71 1.24
Chloroacetate 21.58 41.90 1.94 1 . 2 2
Glycolate 16.31 39.15 2.40 1.31
Acetate 20.47 41.51 2 . 0 2 1.23
(a) A s ta t is t ic a l  factor o f 2 i s  used as there are two equivalent 
exchangeable protons or deuterons.
TABLE 3.17 
Bronsted 3 values for some 3 -Diketones
3-Diketone 3 Ref.
Benzoylacetone 0.50 th is work
p-OMe-Benzoyl- 0.49 th is work
acetone
Deuteriated 0.49 th is work
Benzoylacetone
Benzoyl-trifluoro- 0.50 (53)
acetone
TABLE 3*18
Rates of d e tr itia tio n  o f  3 -Diketones 
in water a t various temperatures
Tk d etr itia tion  rate constant? in s"1.
 --------------  1 0 - kT — - --------------
p-QMe- p-N02-
Temp. Benzoyl- benzoyl- benzoyl-
°C acetone . acetone acetone
15.0 6.63 ± 0.07
17.5 8.06 ± 0 . 0 1
2 0 . 0 11.57 ± 0 ,0 7
22.5 13.75 ± 0.40
25.0 5.37 ± 0 .0 9 2.44 + 0.04 18.09 ± 0.03
28.0 . - 21.85 ± 0 . 2 0
30.0 8.90 ± 0.2 3.49 ± 0.03 29.2 ± 0.60
35.0 12.80 ± 0 . 1 5.81 + 0.03
40.0 19.10 ± 0 .4 8.63 + 0.03
45.0 26.80 ± 0 . 2 . 1 2 . 2 2 + 0 . 2 1
50.0 17.53 + 0.06
4  A A
Arrhenius activation energies E and the values o f AH and AS
of activation have been calculated by means o f a weighted least-squares
fSA)procedure using a Fortran IV program called  ACTENGV J which provides 
f le x ib i l i ty  in  treating the input data and values o f widely d ifferent  
precision may be included. By specifying the error lim its given as 
fractional standard deviation for e ith er  the individual rate constant or 
the temperature, or both, the calculation gives greatest weight to the 
most precise values.
The calculations are based on the following equations, 3.21 and 3.22
Arrhenius:
1ink = toA -  |  • i  (3.21)
Activated Complex:
jc  ^ as  ^ ah  ^ i
TABLE 3.19
Arrhenius parameters for the d e tr itia tio n  o f  
various 3 -Dike tones in  water
AH AS^
* - — :-----: - *  ca l K-1 log A
3-Diketone k cal/mole mole" 1  : s " 1
Benzoylacetone 14.67 14.05 -26.27 7.50
Benzoyl t r i f l u o r o ^  21.08 20.47 -5.56 12.03
acetone
p-N02-benzoylacetone 18.36 17.77 -11.50 10.71
p-NO2 -benzoyl- 21.06 20.45 -4.17 12.33
triflu oro  acetone^ ■
p-OMe-benzoylacetone 14.97 14.35 -26.91 7.37
p-QMe-benzoyl- 
trifluoro acetone ^
21.76 21.15 -4.35 12.29
Figure 3.8
Arrhenius p lo t for benzoylacetone ^  , 
p-N02-benzoylacetone ▲ and p-QMe-benzoylacetone *
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Plot of pK against 105/T for 
p- OMe-benzoy1acetone in  H20
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Figure 3.11
Bronsted relationship for some substituted benzoy lace tones 0  
and benzoyl-trifluoroacetone A, in H20 at 25°G
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Figure 3.12
Arrhenius p lo t for p-OMe-benzoy lace tone in H20
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Figure 3.13
Arrhenius p lo t for p-OMe-benzoylacetone in H20
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Figure 3.14
Arrhenius p lo t for p-NO2 -benzoy 1 ace tone in H20
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Arrhenius p lo t for p-N02-benzoylacetone in H20
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3.4 Discussion
The resu lts in  Table 3.11 for 2-acetylcyclohexanone show that the
rates o f enolisation  as determined by the bromination method and the
keto enol method are in good agreement. However comparison o f  our
133 351resu lts with those of Bell e t  a l v 9 J for the 3-diketone, benzoylacetone 
show that there are considerable differences which we ascribe to the fact  
that the f i r s t  step in the bromination method i s  no longer completely
(34')
rate-determining. This mistake was also made by B ell and Lidwell^ .in 
the case o f ace ty lace tone -  subsequent work has shown that the ratio  o f  
the rate constants for bromination o f ace ty lace tone and monobromo- 
acetylacetone is  close to 2 .5 , whereas in other compounds the ratio  i s  
much higher (generally greater than 10). These resu lts therefore show 
that the keto-enol method, although i t  does en ta il measuring an 
equilibrium constant as w ell as a rate constant, is  a useful method for  
measuring the rates o f ionisation  o f carbon acids, and can replace the 
traditional bromination method in  favourable circumstances.
I f ,  as we think, the bromination method can not be employed to  
measure the rates o f ionisation o f benzoylacetone, i t  follows that the
primary hydrogen isotope e ffe c ts  must also be in error. Combination o f
H Tthe derived k values and the d etr itia tion  rate constant k would
H Tprovide values o f k /k . I t  seemed however that the resu lts could be
put on a firmer basis i f  the rates o f enolisation o f the deuteriated
3 -diketone could also be obtained -  th is would en ta il measuring the rate
o f keto-enol conversion and obtaining the equilibrium constant in  D20 .
I t  seemed unlikely that the value o f K would change greatly in  goingeq
from H20 to D20 - we have assumed that the value of 0.34 i s  the same 
for both solvents. Hie magnitude o f the solvent isotope e ffe c t
determined by (a) measuring the rate o f d etritia tion  in both H20 and 
D20 and (b) measuring the rate in  H2 0-0Ac and D2 0-0Ac solutions as 
w ell as in the corresponding chloroacetate and glycol ate so lu tions. The 
resu lts , which are summarised in Tables 3.12 and 3.13, are sim ilar to 
those reported for other carbon a c i d s I n  the case o f anion 
cata lysis the e ffe c t i s  very small (1.22 (max) -  1.09 (min)) and because 
there are no exchangeable hydrogens in the anions these resu lts  
represent pure medium e ffe c ts . In the case o f water the value i s  
appreciably higher, (although s t i l l  somewhat below the theoretical 
maximum), sign ifying the presence o f  both medium and exchange e ffe c ts .
After making allowance for the solvent isotope e ffe c ts , the primary
H Dhydrogen isotope e ffe c ts  k /k can be obtained and compared with the
H T H D *corresponding k /k  (Table 3.16) . The values of k /k  are considerably
1331 1 ’higher than those previously reported'* J but are en tire ly  consistent with
H Tthe s ta t is t ic a l ly  corrected k /k  values, the former being approximately 
h a lf o f the la tter  and the Swain-Schaad ratio being close to 1.44. These 
resu lts tend there fore, to confirm the correctness o f our approach.
H D  H TThe values o f  k /k  (and k /k  ) are also sign ifican t in  that
in both cases the resu lts for water cata lysis are lower than for anion
cata lysis and that for the la tte r  the e ffec ts  are approximately constant.
This i s  not surprising in view o f the sim ilar base strengths o f the
three anions. Large primary hydrogen isotope e ffec ts  are usually
associated with symmetrical transition sta tes and quantum mechanical
tunneling. With a pK^  o f 8.74 for benzoylacetone, the value o f ApK is
small (4-6 units) so that fa ir ly  large values might have been expected.
For a symmetrical transition sta te  one would expect the barrier
height for the ionisation  rate process to be approximately the same as
that for the reverse process, ion-recombination. Such a reaction would
have a AH (heat o f reaction) close to zero. For th is reason the
temperature dependence o f the acid ity  constant o f benzoylacetone was
measured. H ie resu lts (Table 3.9) give AH = 3.0 k cal mole” 1  , a very
(22)low value and among the lowest reported^ J so far for carbon acids.
This observation i s  therefore consistent with the high primary hydrogen 
isotope e ffe c ts  obtained.
A fin a l criterion  o f transition  sta te  structure i s  the 3 (Bronsted) 
value for base ca ta lysis -  values close to zero and unity have usually  
been taken to sign ify  assymetric transition  sta tes with a more symmetric 
configuration having values close to 0 .5 . Although we have only 
employed three anions o f sim ilar charge type and their base strengths 
are a l l  o f the same order, the 3  values that have been derived 
(the point for water cata lysis has been neglected in each case) are a l l  
close to 0.5 (Table 3.17). Although in  view o f these lim itations the 
resu lts must be treated with caution i t  i s  gratifying to see that a l l  
the c r iter ia  o f transition  sta te  structure in the case o f  benzoylacetone 
ion isation  are consistent with one another and point to a 
symmetrical configuration.
The e ffec ts  o f substituents in  the benzene ring (usually para- and 
sometimes meta-) on the rates o f d e tr itia tio n , and to a lesser  extent 
the acid ity  constants, have been investigated. In the f ir s t  case the 
d etr itia tio n  rate constant varies by a factor o f ~ 7 as the substituent 
i s  changed from p-methoxy to p-n itro . The resulting Hammett p lo t  
(Figure 3.6) is  sa tisfa c to r ily  linear (slope p = 0.78) and shows no 
tendency for curvature as was observed in  the case o f the corresponding
(5 3 )benzoyltrifluoroacetones  ^ / .  The la tter  ionise s lig h tly  slower than the 
corresponding benzoylacetones (the ratios vary frcm 0.384 to 0.885) .
This resu lt is  not unexpected, despite their enhanced acid ity  (ApK -  2 .2 ) ,  
since the activation energies for the solvent-catalysed d etr itia tion  
rate constant (Table 3.19) are in  some cases as much as 6  k cal mole” 1  
higher for the fluorinated variety. This e ffe c t  i s  compensated for by 
the considerably le ss  negative entropies o f activation. I t  i s  noteworthy 
that the $ values (Table 3.17) for both types o f 3 -diketone are 
approximately the same. I t  would be in teresting to see whether the same 
applies for the primary hydrogen isotope e ffe c ts .
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CHAPTER 4
ION-ASSOCIATION EFFECTS IN THE DETRITIATION 
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4.1 Introduction
4.2 Experimental
4.3 Results
4.4 Discussion 
References
4.1 Introduction
The terms ion pair and ion association ca n y  the connotation o f
two ions o f opposite sign in contact with one another but which retain
essen tia lly  the same internal e lectron ic structure as the separated ion s,
ie .  an ion pair i s  perhaps better described as ”an extended bond with
considerable ionic character” . Ihe presence o f ion-pairs and weak
complexes i s  frequently invoked not only by those primarily interested  in
the behaviour of e lectro ly te  so lu tions, but also by those concerned with
f l  21the rates and mechanisms o f both inorganic and organic reactions/* 9 J .
Ion association i s  brought about when the energy o f  mutual
e lec tro sta tic  attraction between p o sitiv e ly  and negatively charged ions
is  increased so that i t  exceeds the thermal energy required to maintain
random distribution o f the ions. There ex is t a variety o f treatments
relating the s ta b ility  o f the ion pair to parameters such as ion s iz e
and d ie lec tr ic  constant o f the medium. In a l l  the treatments the ion
pair i s  considered to be a stable configuration with d efin ite  parameters
and i s  assumed to be in equilibrium with the remaining free ions to
which the Debye-Huckel theory may be applied. The two theories which
(31have been used most extensively are due to Fuoss^ J (equation 4.1) and 
Bjerrum^ (equation 4 .2 ) .
ka = (4.1)
•d /  z z_e 2  \
4ttN r 2  exp ('—------- } dr
J \  rekT )
2
(4.2)
F Bwhere and refer to the equilibrium constant predicted by the 
Fuoss and Bjerrum models, respectively , for the ion pairing process 
depicted in  equation 4 .3 :-
■M+ + X- 5=* '[mV ] (4.3)
In equations 4.1 and 4.2 N is  Avogadro’s number, z+ and z_ are the 
electronic charge values for the ions, e is  the d ie lec tr ic  constant o f  
the solvent, k i s  the Boltzmann constant and T is  the temperature 
in  °K. Although both o f these equations (4.1 and 4.2) are based on the
solvent continuum model, in  equation 4.1 i t  i s  assumed that a l l  the.
ion pairs have the same in ter-ion ic  separation. In equation 4.2 ions 
are counted as paired over a range o f distances o f approach from some 
minimum a  ^ (distance o f c lo sest approach) to a lim it d which is
usually taken as equal to q (equation 4 .4 ):-
d = q = e 2 /2ekT (4.4)
This distance corresponds to  the separation at which the Coulombic
attraction is  balanced by the energy o f random thermal motion o f  the
ions. P rue®  has shown how these two approaches can be in ter-rela ted . 
However, irrespective o f the particular model employed, i t  can be seen 
that ion association w ill  be most pronounced when the d ie le c tr ic  constant 
o f the medium is  low and the ions have high charge and are present a t  
high concentration.
Ion pair formation can be measured by a variety o f te c h n iq u e s^ ,
eg. conductometric, spectrophotometric and electrom etric methods.
(7)Evansv J has studied ion association in hydrogen-bonding solvents 
including water, aliphatic alcohols, fluorinated alcohols, formamide, ‘ 
ethylene glycol and propanol-acetone mixtures, and concluded that
solvents can be divided into three categories according to whether 
they e ffec tiv e ly  solvate cations only, anions only or both cations and 
anions. Water and most other hydrogen-bonding solvents constitute the 
third c la s s , a group in which patterns o f aggregation are very sim ilar. 
Fluorinated alcohols belong to the second class showing sig n ifica n tly  . 
different ion pairing behaviour. However, in alcohols o f d ie lec tr ic  
constant le s s  than 35, the pattern o f ionic association i s  affected  
greatly by the anion-solvent interaction. Where th is i s  moderately 
strong, as with the hydrocarbon alcohols both contact and solvent- 
separated ion pairs are present. Where the anion-solvent interaction i s  
exceptionally strong, as with the fluorinated alcohols, resu lts are b est 
interpreted in  terms o f solvent-separated ion pairs only.
‘ The e ffe c t  o f ion pairs on the overall rate o f reaction is  a matter
f 8)o f considerable in terest and Davies 1  , for example, has shown by means 
o f selected  examples how information concerning the nature o f the ion 
. pair as w ell as that o f the activated complex through which reaction  
proceeds, can be obtained. Proton transfer reactions, 'one o f the most 
extensively studied o f  reactions frequently involve the interaction o f  
a neutral molecule and an ion. In the lim it o f  extremely d ilu te  
solutions the ion ic species involved would ex is t  as free ions. However, 
at high concentrations ion association could be so extensive that the 
ion ex is ts  predominantly in the form o f an ion pair. There are c learly  
instances where both free ions and ion pairs co -ex ist with one another. 
Reaction kinetics in  these d ifferent media should therefore make 
allowance for these d ifferent circumstances.
As far as aqueous a lk a li solutions are concerned few studies have
been reported^ I t  was however concluded that the extent o f ion
association for a particular base concentration is  in the order
fl3VKOH < NaOH < LiOH . Rochesterv ■ suggested that ion association e ffec ts  
could in part explain the observed order o f b asic ity  H_(KQH) > H_ (NaOH) > 
H_(LiOH) and quantitative te s ts  by Jones showed that the d iffering  
b a s ic it ie s  could be correlated with the extent o f ion association.
Ion association e ffe c ts  in protophilic and aprotic solvents have
also not been extensively investigated. Liquid ammonia and cyclohexyi-
amine are amongst the most widely studied protophilic solvents.
Because o f the low d ie lec tr ic  constant o f ammonia (17 at 25°C), ion
association would be expected to be important even at low concentration
o f base and k inetic  in v e s t ig a t io n s ^  ^  on alkali-m etal amides in
liquid  ammonia provide support for th is view point. Studies in cyclo-
hexylamine (d ie lectr ic  constant o f 5 .4  at -21°C) carried out by
(29 •*31')Streitw ieser and co-workersv J lead to sim ilar findings.
For reaction k inetics using d ifferent alcohols as solvents ion; 
association would be expected to be important as the d ie le c tr ic  constants 
are lower than for water varying from 32.6 for methanol to 17.1 for  
t-butanol at 25°C. v
Ion association should therefore increase in the order 
MeOH < EtOH < t-BuOH . Acidity function measurements^’^ ,  o f  
concentrated alkoxides solutions show that for a given concentration 
H_(KOMe) > H_(NaGMe) > H_(LiOMs) , th is  order being the same' as for 
corresponding hydroxides . S teric hindrance to solvation in  tlie 
larger alkoxides may also be a factor.
Most o f the quantitative studies o f ion association in  alcohol- 
alkoxide solutions are based on conductance measurements in d ilu te  
solution and Table 4.1 gives some o f the dissociation constants obtained
TABLE 4.1
Dissociation constants o f some alkali-m etal 
alkoxides in the respective alcohols
Alkoxide Kd Reference
KOMe ~ 0 . 1  -  0 . 2 (16)
NaOMe 0.204 (17)
LiOMe 0.106 (17)
KOEt 0.028 (17)
NaOEt 0 . 0 2 0 (17)
LiOEt 0.0057 (17)
There are many qualitative observations which support these
fl8*)resu lts . I t  has been reported^ . for example, that the addition o f
sodium t-butoxide has very l i t t l e  e ffe c t  on the conductance o f t-b u ty l
alcohol whereas much smaller concentrations o f  benzyltrimethylammonium
chloride and 2 -phenylethyltrimethylammonium bromide raise i t  markedly.,
C191This i s  consistent with the observation . that
benzyltrimethylammonium t-butoxide in  t-butyl alcohol at concentrations 
as low as 10" 3  M is  at lea st 1000 times more basic than a solution o f  
potassium t-butoxide o f the same concentration.
There are few k in etic  studies which relate to the problem of ion 
association e ffec ts  on reactions carried out in alcohol-alkoxide 
solu tions. Cram e t  a l ^ ^ ,  reported that for the base-catalysed  
racemisation o f (+)-2-m ethyl-3-phenyl-propionitrile, the reaction order 
approaches two in KOMe and NaOMs at high concentration but fa l ls  
below one for LiOMe , the interpretation given was that the ion pairs
+ -  H—
catalyse the reaction, with LiOMs being less and KOMe more reactive
than the free methoxide ion. Two other examples of work in methoxide
solutions may be quoted, although neither is  s tr ic t ly  a proton transfer
reaction. F irstly  the reaction between Li , Na and K methoxides
with 2,4-dinitrochlorobenzene in methanol shows that ion association i s  
(21)important^ , particu larly for the lithium methoxide. Secondly, the
( 2 2 )kinetics o f the base-catalysed addition o f alcohols to ethylene oxidev ■ 
show that only in  NaOMe-MeOH is  the reaction f ir s t  order.
In C3H7O-C3H7OH , Ci^ HgO-Ci+HgOH the order in catalyst i s  le s s  than 
unity so that the free alkoxide ion is  thought to be the more reactive  
ca ta ly st. When the reaction i s  carried out in  dioxan the NaOMe 
ion pair i s  only one-tenth as reactive as the free methoxide ion.
('3 2 ')Attention has recently been drawnv J to th is lack o f su itable
k in etic  data for alcohol-alkoxide solutions despite the fact that they
are widely used for mechanistic studies. The need is  made more urgent \
( 3 3  34')
by the increasing attention being paidv 9 J to the e ffe c t  o f ion- 
association upon the orientation and stereochemistiy o f 3 -elim ination  
reaction in different alcohol-alkoxide solu tions. Jones and co-workers 
(35,36)^ ^  thej[r wor  ^ on the hydroxide-catalysed rates o f ion isation  - 
of acetone and acetophenone in aqueous media have shown that even under 
the conditions of high solvent d ie le c tr ic  constant the e ffe c ts  o f ion 
association can be important and m aterially a ffec t the conclusions 
reached in other studies concerning, eg. the curvature o f Arrhenius p lo ts ,
the b a s ic it ie s  of concentrated solutions o f alkali-m etal hydroxides and
('1 4 ')
the sign ificance o f rate-equilibria  correlationsv J , Because the ion 
pairs formed in these reactions are not e ffective  catalysts i t  has been 
possible to determine the association constants o f several alkali-m etal 
hydroxides; the values are in good agreement with those determined 
by other methods The present work is  an extension of these studies
to methanol-methoxides as w ell as ethanol-ethoxide so lu tions. We have 
studied the. variation o f  the second order rate constant for the base- 
catalysed d etr itia tion  of p-dimethylamino acetophenone with base 
concentration. This compound was chosen since i t s  rate o f d etr itia tio n  
in  a l l  these basic media can be conveniently followed.
4.2 Experimental
The strength o f bases in non-aqueous solvents is  greatly reduced by 
traces o f water and carbon dioxide. For th is reason a ll  solvents were 
rigorously purified , stored in  stoppered containers and kept in a dry 
box. A ll k in etic  solutions were made up and stored in a dry box 
containing phosphorous pentoxide under a dry nitrogen atmosphere.
In the present work, methyl alcohol and ethyl alcohol were used as
solvents for both the preparation o f metal-alkoxides (K, Na and Li)
and k in etic  experiments. Methyl and ethyl alcohols were purified  and
( 3 7 V
dried using the method described by Vogel'' J , and subsequently stored  
over a 4A molecular sieve. Stock alkoxide solutions were prepared by 
reacting an appropriate oxide-free alkali-m etal with highly dry alcohol. 
The concentration o f  a stock solution was determined by t itra tio n  o f  a 
known volume (diluted with boiled-out de-ionised water) with standard 
potassium hydrogen phthalate solution . Solutions o f varying 
concentration o f  alcohol-alkoxide were prepared by d ilution o f  a known 
volume from the stock solution and the calculated concentrations checked 
by titra tio n . A ll solutions o f the alkoxides were used within 24 hours 
of their preparation.
p-Dimethylamino acetophenone (p-CH3 ) 2 N-C6 Hit- 0 0 CH3 ) was purchased 
commercially, and purified by sublimation under reduced pressure. Its  
melting point was 105.5°C, the same as the literatu re value
The tr it ia te d  ketone was prepared in an analogous manner to that 
described in Chapter 2.
The k in etic  measurements were made at (25 ± 0.02) °C. The procedure 
for following the d etritia tion  o f [a - 3 H]-p-dimethylamino acetophenone 
was sim ilar to that reported previously^ . for other acetophenones and
the same as that described in Chapter 2. In a typical run the alcohol- 
alkoxide solution (5 m£) was equilibrated in a thermostated o il-b ath . A 
trace o f the labelled  compound in A.R. dioxan was then added to the 
solution and the whole thoroughly mixed by shaking the reaction fla sk ,
0 . 1  mil aliquots were withdrawn by means o f .a micrometer syringe at 
appropriate time intervals and the reaction was quenched by introduction 
o f the aliquots into separating tubes containing 1 0  mil o f water, 1 0  mil 
of sc in t illa to r  solu tion , [2 ,5-diphenyloxazole (3.4 gm per l it r e )  
in toluene]. After shaking and allowing the layers to separate, the 
toluene layer was pipetted o f f  and dried by shaking with anhydrous sodium 
sulphate; 5 mil o f the dried solution was counted on the Beckman L.S.
100 counter. Thus the decrease in tritium  content o f  the labelled  
compound with time was determined.
•j-
The first-order rate constant kQ^ s given by kQ^ s = kg [B] , was 
obtained from the slope ( - k ^ / 2 .303) o f the p lo t o f logio cpm against 
time. Values were reproducible to within 2%. The resu lts o'f a 
typical experiment are given in Table 4.2
■ TABLE 4.2
The d etr itia tion  o f  p-Dimethy 1 amino acetophenone 
in  methanolic lithium methoxide at (25 ± 0.02) °C
Concentration o f lithium methoxide = 0.2389 M.
Time
(min)
Ketone radioactivity  
cpm
log io cpm
0 84,950 4.930
9 71,670 4.857
18 58,820 4.769
27 49,420 4.694
36 39,930 4.601
45 33,110 4.520
54 26,650 4.426
63 22,520 4.353
72 18,210 4.260
The p lo t o f logio cpm against time (Figure 4.1) gives a 
-slope x 2.303 = kQ^ s , since -slope = 1.56 x 10— s " 1
kobs = 3.60 x 1 0 -  s ” 1  and 
kobs/[B] = 15.06 x 10— & m” 1  s ” 1  .
lo
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o 
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Figure 4.1
Kinetic p lo t for the d etr itia tion  o f p-Dime thy lamino acetophenone 
in  methanolic lithium methoxide at 25°C
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4.3 Results
Ihe dissociation o f alkali-m etal alkoxide may be written as:-
.+M O R^M  + OR (R = H, CH3, C2 H5) (4.5)
where the dissociation constant o f the metal alkoxide may be
(141 expressed as^
V
([®J -  x)([OR] -  x)
v =   S i   i ° i   . f* (4.6
d x ±
where [ ] to t  refers to  the to ta l concentration o f the appropriate 
species, x i s  the concentration o f  ion pair and f+ is  the mean 
a c tiv ity  co effic ien t o f M+ and OR ions. The a c tiv ity  co effic ien t o f  
the ion pair f^ +QMe is  assumed to be equal to unity.
(391The mean a c tiv ity  coeffic ien ts f + were calculated fromV J :-
-lo g  f± = ;AI*/1 + Ba°I* (4.7)
where I = ionic strength defined as I = , a° = 4 x 10" 8  cm
is  the distance o f c lo sest approach between two ions, A and B are 
constants given by
c ' 3 /tA = 1.2903 x 10 / (eT)
and
B = 3.556 x 109 /(eT)^
where e i s  the d ie lec tr ic  constant o f the solvent and T is  the 
temperature in °K.
Ihe concentration o f ion pairs, x , may be estimated using
equations 4.6 and 4.7 providing that the value is  known. Furthermore,
the corresponding degree o f d issociation , a , may be calculated by
a = c ~ -  , where c i s  the to ta l concentration o f base, 
c
Table 4.3 summarises the k in etic  resu lts in methanol-methoxide as 
w ell as in ethanol-ethoxide media. Table 4.4 summarises the re la tive  
kinetic  b a s ic it ie s  of hydroxide-water and alcohol-alkoxide media.
TABLE 4.3
Kinetic data for alcohol-alkoxide solutions
D etritiation  o f p-Dimethylamino acetophenone at 25.0°C together 
with a c tiv ity  coeffic ien ts ( f±) and the degree of d issociation (a) 
o f metal-alkoxide solutions at various concentrations.
1. Potassium Methoxide:
Base 
concentration 
mole & ” 1
1 0 *
s'
kT
-l
■ i ° \ ] £
Z m f 1  s ” 1 *± a
0.6210 10.91 + 0.07 17.56 ± 0.17 0.3187 0.7987
0.5356 9.04 + 0.05 16.89 ± 0.09 0.3316 0.8078
0.4790 8.15 + 0 . 1 0 17.01 ± 0 . 2 0 0.3417 0.8144
0 . 2 0 1 2 3.05 + 0 . 0 1 15.13 ± 0.03 0.4298 0.8619
0.1933 2.96 + 0.05 15.31 ± 0 . 2 0 0.4342 0.8639
0.1500 2.24 + 0 . 0 2 14.91 ± 0 . 1 2 0.4628 0.8765
0.1005 1.45 + 0 . 0 1 14.37 ± 0.05 0.5094 0.8954
0.0748 1.05 + 0.005 14.00 ± 0 . 0 2 0.5444 0.9085
2. Sodium Methoxide:
Base 
concentration 
mole & " 1
1 0 *
s ’
kT
-l
1 0 * 
Z iif
kTkb
rl s ” 1 a
0.7157 12.13 + 0 . 0 1 16.95 + 0 . 0 2 0.3069 0.7925
0.6306 10.49 + 0.07 16.64 + 0 . 1 0 0.3174 0.8004
0.3148 4.75 + 0 . 0 1 15.08 + 0.06 0.3824 0.8406
0.1980 2.94 + 0 . 0 1 14.86 + 0.04 0.4316 0.8648
0.1574 2.32 + 0 . 0 1 14.73 + 0.05 0.4573 0.8761
0.1340 1.93 + 0 . 0 1 14.43 + 0.04 0.4758 0.8838
0.1224 1.74 + 0 . 0 1 14.22 + 0.07 0.4863 0.8880
0.0870 1.18 + 0.03 ‘ 13.57 + 0 . 1 0 0.5265 0.9035
0.0590 0.78 + 0 . 0 1 13.28 + 0 . 0 2 0.5725 0.9198
TABLE 4.5 (contd.)
3. Lithium Methoxide:
Base 
concentration 
mole & ” 1
10" kT 
s”1
10" kB
t  nr 1  s " 1 V a
0.7242 12.08 ± 0 . 0 1 16.68 ± 0 . 0 2 0.3059 0.6929
0.4237 6.79 ± 0.02 16.03 ± 0.05 0.3532 0.7325
0.4205 6 . 6 6  ± 0.05 15.84 ± 0 . 1 0 0.3539 0.7330
0.3464 5.37 ± 0.01 15.51 ± 0.06 0.3727 0.7468
0.2758 4.24 ± 0.01 15.38 ± 0.03 0.3960 0.7627
0.2389 3.60 ± 0.02 15.07 ± 0.07 0.4112 0.7726
0.2145 3.23 ± 0.01 15.00 ± 0 . 0 2 0.4228 0.7799
0.1955 2.95 ± 0.04 15.15 ± 0 . 1 0 0.4330 0.7862
0.1613 2.39 ± 0.04 14.81 ± 0 . 1 0 0.4546 0.7991
0.1325 1.96 ± 0.08 14.82 ± 0.15 0.4771 0.8123
0.1227 1.72 ± 0.06 14.00 ± 0 . 2 0 0.4860 0.8173
0.1025 1.40 ± 0.05 13.70 ± 0.17 0.5071 0.8291
4. Potassium Ethoxide:
Base 103  k 
concentration 
mole 5, ” 1  s " 1
1 0  3  kB 
Z m” 1  s ” 1 A a
0.4886 3.43 ± 0 .0 1 6.95 ± 0.05 0.2115 0.6599
0.4203 2.81 ± 0 . 0 2 6.70 ± 0.03 0.2233 0.6670
0.3821 2.55 ± 0.05 6.60 ± 0 . 1 0 0.2311 0.6714
0.3100 2 . 0 0  ± 0 . 0 1 6.40 ± 0.01 0.2492 0.6811
0.1762 1.09 ± 0 .0 5 6 . 2 0  ± 0 . 1 2 0.3045 0.7076
0.1289 0.77 ± 0.03 6 . 0 0  ± 0.08 0.3392 0.7230
TABLE 4.3 (contd.)
5. Sodium Ethoxide:
Base 10 3  k 10 3  k_
concentration
mole & ” 1  s " 1  & m" 1  s " 1  £+ a
0.7018 4.46 + 0 . 0 1 6.36 + 0.03 0.1860 0.5847
0.6216 3.86 + 0.07 6 . 2 1 + 0.13 0.1942 0.5908
0.5604 3.39. + 0.05 6.06, + 0 . 1 0 0.2014 0.5960
0.4922 2.90 + 0.06 5.98 + 0.15 0 . 2 1 1 0 0.6024
0.4356 2.59 + 0.05 5.95 + 0 . 1 2 0.2204 0.6083
0.3745 2 . 2 0 + 0.06 5.87 + 0.14 0.2328 0.6155
0.3056 1.77 + 0.05 5.80 + 0 . 1 1 0.2505 0.6252
0.2436 1.38 + 0.08 5.66 + 0.15 0.2717 0.6361
0.1978 1.15 + 0.07 5.80 + 0.17 0.2925 0.6464
0.1504 0.81 ± 0 .0 9 5.41 + 0 . 2 0 0.3218 0.6603
0.1013 0.56 + 0.08 5.52 u. 0.18 0.3675 0.6820
TABLE 4.4
Relative k inetic  b a s ic it ie s  o f bydroxide-water and alkoxide- 
alcohol media at 0.15 mole 5, " 1  base concentration as determined 
from the d etr itia tion  o f p-dimethylamino acetophenone at 25.0°C
Medium
1 0 - k£ 
% ieT1 s " * 1
Relative
rate
0H/H20 6.83 1
OMe/t-feOH 14.73 2 . 1
OEt/EtOH 54.10 7.9
TABLE 4.5 
Summarised rate constants ^  (5, m- 1  s” 1)
Base 1Ql¥ ki 10" kip
KOMe 1 1 . 0 0 42.70
NaQMe 11.04 38.98
LiOMe 10.70 30.30
KOEt 22.57 156.46
NaOEt 26.88 111.33
(a) Obtained by lea st squares calculations.
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4.4 Discussion
The resu lts given in Table 4.3 for the d etr itia tion  o f
p-dimethylamino acetophenone in various alcohol-alkoxide solutions show
T .that the second-order rate constant kg increases as the concentration
Tof base increases. In a l l  cases, the changes in  kg are considerably
higher than the experimental uncertainty in  the measurements. For both
Tthe methanolic and ethanolic solutions the increase in  kg i s  most 
pronounced for KOMe and Teast for LiOMe . This dependence on metal­
ion concentration would seem to indicate the involvment o f two mechanisms , 
one between the free ion and the substrate and the other the ion pair  
and the substrate. Under these circumstances the pseudo-first-order  
rate constant, k , can be considered as being made up o f  
two terms(21*40,41)
k = ki  [OR] + k. [tfeR]
k = k-ac + k. ( 1  -  a )c  
1  ip > . J
kT/c  = kg = kga + kip ( l  -  a)
(4.8)
which on re-arranging takes the form:-
*B = h  + (kip ” kp (1 “ °0 (4.9)
a is  the degree o f dissociation o f the alkali-m etal alkoxide, k^ the
rate constant for reaction between the ketone and free alkoxide ions and
k- that between the ketone and the alkoxide ion pairs. Therefore a ip
Tp lo t o f kg against ( 1  -  a) should be a straight lin e  o f a slope
(k  ^ -  k^) and intercept k  ^ . The resu lts , when presented in th is form
(Figure 4.2) do indeed give straight lin es with correlation coeffic ien ts  
o f 0.993 (KOMe), 0.988 (NaOMs) and 0.963 (LiOMe) respectively. Even more 
satisfactory  is  the fact that k  ^ values, which should be independent 
o f the cation, are in good agreement with one another. Satisfactory  
linear correlations are also found for KOEt and NaOEt with the 
corresponding correlation coeffic ien ts o f 0.965 and 0.953 respectively  
(Figure 4 .3 ). In addition the corresponding k  ^ values for potassium 
and sodium ethoxide are v irtu a lly  the same. Similar findings have
r4nrecently been reported by McLennan V •
Table 4.5 summarises the resu lts obtained for k- and k. for
various metal-alkoxide-alcohol systems. The k  ^ values show that in  
a l l  the cases considered, the alkoxide ion pairs are more reactive than 
the corresponding free alkoxide ions. Furthermore, the reactiv ity  o f
ion pairs, follows the order i\OR > $aOR > LiOR .
Finally i t  i s  noteworthy that the comparative k in etic  b a s ic it ie s  
(Table 4.4) o f alkoxide solutions rela tive  to aqueous hydroxide so lu tion  
are in the order EtO/EtOH > MeO/MeOH > H0/H20 . -
In view o f the re la tive ly  low d ie lec tr ic  constants o f higher a lcohols, 
eg. propanol, t-butanol, ion association e ffe c ts  are expected to be more 
pronounced in these media. Consequently further investigations along the 
lin es  undertaken in  the present studies would seem to be desirable.
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The Acidities of Weak Acids. Part IV.1 Some Methyl Styryl Ketones
By Suheila T. Hamdi, John R. Jones,* and Trevor G. Rumney, Chemistry Department, University of Surrey, 
Guildford GU2 5XH
A series of ring-substituted methyl styryl ketones (XC6H4‘CH.’CH*COCH3) have been synthesised and their 
acidities measured at 298.2 K using solutions of tetramethylammonium hydroxide (0.011 m ) in dimethyl sulphoxide- 
w ater mixtures. In most cases the rates of detritiation in aqueous hydroxide ion solutions have also been measured. 
The results show  that these compounds obey the same pK*-Ig/r£H-  relationship as w as established for the
structurally similar acetophenones.
The development of highly basic media has made pos­
sible the determination of fairly weak acidities (12 <  
pK a <  30) and since the rates of ionisation of carbon 
acids are greatly accelerated in these solutions the linear 
free-energy relationship established by Pearson and 
Dillon2 for the relatively strong carbon acids can be 
extended to these compounds. Inherent in this task is 
the problem of how severe a structural modification can 
be made to an acid before it begins to depart from such a 
relationship. In addition the difficulty of obtaining 
structurally similar compounds that cover a wide re­
activity range is well known.
Relatively few studies of rate-equilibria correlations in 
highly basic media have been reported. For fluorene- 
type hydrocarbons,3 tritium exchange rates in methan- 
olic sodium methoxide are linearly related to the pK & 
values in the caesium cyclohexylamide-cyclohexylamine 
system with a Bronsted exponent of 0.37, whereas similar 
studies for polyarylmethanes4 give a value of 0.58. 
Cram and Kollmeyer 5 reported a curved Bronsted plot 
for the same kind of acids in a 75% MeOD-25% (CD3)2SO 
medium but this interpretation rests heavily on the re­
sults for fluorene. The pK & values of several fluorinated 
benzenes have been measured and as the tritium ex­
change rates of the ortho-, meta-, and ^>ara-hydrogens in 
fluorobenzene with lithium cyclohexylamide-cyclohexyl- 
amine relative to benzene have been shown to be almost 
identical with the partial rate factors for exchange of 
ortho-, meta-, and ^am-fluorine substituents in tritium 
exchange from polyfluorobenzenes in methanolic sodium 
methoxide solutions, this has made possible an estimate 
of 43 for the p ifa of benzene 6 itself. Similarly a p 
value of 40.9 for toluene can be estimated from the rates 
of tritium exchange of several aryl- and polyaryl­
methanes when correlated with the known pK a values.7
In some of these studies ion-association effects are im­
portant and the rate and equilibrium measurements do 
not refer to the same solvent. In our previous work on 
the acetophenones8 the first effect is absent and the
1 Part III, J. R. Jones and S. P. Patel, J.C.S. Perkin II, 
1976, 1231.
2 R. G. Pearson and R. L. Dillon, J. Anter. Chem. Soc., 1953, 
75, 2439.
8 A. Streitwieser, jun., W. B. Hollyhead, G. Sonnichsen, 
A. H. Pudjaatmaka, P. H. Owens, T. K. Kruger, P. A. Ruben- 
stein, R. A. MacQuarrie, M. L. Brokaw, W. K. C. Chu, and H. M. 
Niemeyer, J. Atner. Chem. Soc., 1971, 93, 6088.
4 A. Streitwieser, jun., W. B. Hollyhead, G. Sonnichsen, 
A. H. Pudjaatmaka, C. J. Chang, and T. L. Kruger, J. Amer. 
Chem. Soc., 1971, 93, 5096.
5 D. J. Cram and W. D. Kollmeyer, J. Amer. Chem. Soc., 
1968, 90, 1791.
second minimised by using purely aqueous conditions for 
the rate measurements and dimethyl sulphoxide-water 
mixtures for the acidity determinations. In extending 
the work to compounds having the same structural 
features as the acetophenones but which cover a much 
wider reactivity range we have synthesised compounds of 
the type XC6H4,CH!C(Y),CO*CH3—the present paper is 
however concerned with the case Y =  H, compounds 
whose acidities and rates of ionisation are expected to be 
very similar to the acetophenones.
EXPERIMENTAL
Materials.—The methyl styryl ketones were all prepared 
by the same method, namely condensation between the 
appropriate benzaldehyde and acetone in the presence of 
sodium hydroxide, although the experimental conditions 
varied slightly from compound to compound in accordance 
with previously published work. Thus the meto-methoxy- 
compound was prepared as in Heilbron and Hill’s 9 paper 
whereas the meta-bromo- and meta-chloro-compounds were 
prepared using the conditions specified by Bauer and 
V ogel;10 for the other compounds the experimental con­
ditions were as described by Lutz and his co-workers.11 
The purity of the compounds was ascertained by micro­
analysis and either by m.p. or b.p. determination.
Reagent grade dimethyl sulphoxide was purified by distil­
lation under reduced pressure in the presence of nitrogen 
and stored over 4A molecular sieves. G.l.c. analysis showed 
< 0 .1  w t % water.
Stock tetramethylammonium hydroxide solutions were 
made up at frequent intervals by addition of the solid penta- 
hydrate to freshly distilled deionised water. The highly 
basic media comprising dimethyl sulphoxide, water, and 
tetramethylammonium hydroxide were made up by weight, 
the hydroxide ion concentration being 0 .0 1 1 0 m . A stock 
carbonate-free sodium hydroxide solution was used for the 
kinetics.
9-t-Butylfluorene was the * standard ’ acid used in the 
determination of the ketone acidities. Its preparation has 
been described 12 as has that of the tritium-labelled form.18 
The tritiated methyl styryl ketones were also prepared by 
the same procedure. In one instance it was confirmed by
6 A. Streitwieser, jun., P. J. Scannon, and H. M. Niemeyer, 
J. Amer. Chem. Soc., 1972, 94, 7936.
7 A. Streitwieser, jun., M. R. Granger, F. Mares, and R. A. 
Wolf, J. Amer. Chem. Soc., 1973, 95, 4257.
8 D. W. Earls, J. R. Jones, and T. G. Rumney, J.C.S. Perkin 
II, 1976, 878.
9 I. M. Heilbron and R. Hill, J. Chem. Soc., 1928, 2863.
10 H. Bauer and P. Vogel, J. prakt. Chem., 1913, 88, 329.
11 R. E. Lutz, T. A. Martin, J. F. Codington, T. M. Amacker, 
R. K. Allison, N. H. Leake, R. J. Rowlett, jun., J. D. Smith, and 
J. W. Wilson, J. Org. Chem., 1949, 14, 982.
12 W. Wislicenus and W. Mocker, Ber., 1913, 46, 2780.
18 D. W. Earls, J. R. Jones, and T. G. Rumney, J.C.S. Fara­
day I, 1972, 925.
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tritium n.m.r. spectroscopy that the label was entirely in the 
methyl group.14
Acidity Determination.— The method used to determine 
the acidities of the methyl styryl ketones is the same as that 
employed previously and has been described in detail.16 
The uncertainty in any of the pK & values (± 0 .1 — 0.2) is the 
same as was found for the acetophenones.
Kinetics.—The procedure for following the rates of detri- 
tiation has been given.16 In general reactions were studied 
to more than 80% completion and it was customary practice 
to vary the hydroxide ion concentration by a factor of 3— 5. 
The second-order rate constants (Aoh-) were reproducible 
to within ± 1 — 3%.
Acidities and detritiation rate constants for some 
m ethyl styryl ketones at 298.2 K
P K„ io4*gH-
in MetSO-HjO dm* mol-1 s-1
Substituent mixtures (in H ,0)
(1) p-OMe 22.09 ±  0.1 25.1
(2) m-OMe 35.0
(3) H 21.65- +  0.1 33.7
(4) p -Br 21.60 ±  0.2 46.1
(5) p -Cl 21.42 ±  0.1 45.1
(6) *M-C1 21.37 ±  0.15 48.1
(7) tM-Br 21.23 ±  0.1 48.4
(8) p -CN 20.65 ±  0.1 86.7
(9) m-N02 72.4
(10) p-NO* 101
• 0.25 pK  Units less acidic than previously reported.17
RESULTS AND DISCUSSION
As expected the interposing of the vinylic linkage be­
tween the benzene ring and the acetyl group reduces the 
effect which a substituent in the ring has on both the 
acidities and the rates of ionisation of the methyl styryl 
ketones. The pKa values, which cover no more than 1.5
14 J. M. A. Al-Rawi, J. A. Elvidge, J. R. Jones, and E. A. 
Evans, J.C.S. Perkin II, 1975, 449.
16 D. W. Earls, J. R. Jones, T. G. Rumney, and A. F. Cockerill, 
J.C.S. Perkin II, 1975, 54.
16 J. R. Jones, Trans. Faraday Soc., 1965, 61, 2456.
units, are linearly related to the Hammett substituent 
constant a with a slope (p) of 1.42 ±  0.1. The value is 
approximately three times lower than that found for the 
acetophenones.8 Similarly the plot of lg £qh- against c 
is also linear with a slope of 0.55 ±  0.03, approximately 
half the value for the acetophenones. Results similar to 
these have been reported for other systems. Thus in the 
case of cinnamic acids18 (ArCH.*CH*C02H) the slope of 
the pKgr-a plot is 0.42, similar to that reported for 1-aryl- 
2-nitropropanes (ArCHg’CHMe^NOg) in 50% (v/v) water- 
methanol (0.395) which itself is considerably lower than 
that reported for 1-arylnitroethanes (ArCHMe*N02) 
(1.07) under the same conditions.19 In the rates of 
ionisation of the l-aryl-2-nitropropanes the value of p is 
0.665, and for the 1-arylnitroethanes, 1.44.19
The factor of ca. 3 for the difference in the p values for 
acetophenone and methyl styryl ketone ionisation, and a 
corresponding value of ca. 2, for the kinetic process does 
not indicate a differential effect as the pK &-a  plot for the 
acetophenones, which covered a much wider range of pK & 
values, was distinctly curved. This being so the results 
for the methyl styryl ketones fit the same Bronsted re­
lationship as was established for the acetophenones, the 
slope over the pK A region 20.6—22.1 being 0.36 ±  0.03. 
These results do, therefore, tend to confirm those pre­
viously obtained for the acetophenones and establish 
more firmly the form of the Bronsted relationship in the 
above pK& region.
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17 A. F. Cockerill, D. W. Earls, J. R. Jones, and T. G. Rumney, 
J. Amer. Chem. Soc., 1974, 96, 676.
18 C. D. Johnson, ‘ The Hammett Equation,' Cambridge Uni­
versity Press, 1973, p. 8.
19 F. G. Bordwell, W. J. Boyle, jun., and K. C. Yee, J. Amer. 
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